Population genetics of Melampsora medusae on poplar in Minnesota, Iowa and Missouri by Chen, Wei
Retrospective Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
1-1-2001 
Population genetics of Melampsora medusae on poplar in 
Minnesota, Iowa and Missouri 
Wei Chen 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/rtd 
Recommended Citation 
Chen, Wei, "Population genetics of Melampsora medusae on poplar in Minnesota, Iowa and Missouri" 
(2001). Retrospective Theses and Dissertations. 21122. 
https://lib.dr.iastate.edu/rtd/21122 
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Retrospective Theses 
and Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 
Population genetics of Melampsora medusae on poplar in 
Minnesota, Iowa and Missouri 
by 
Wei Chen 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Plant Pathology 
Major Professor: Thomas C. Harrington 
Iowa State University 
Ames, Iowa 
2001 
Copyright © Wei Chen, 2001. All rights reserved. 
11 
Graduate College 
Iowa State University 
This is to certify that the Master's thesis of 
Wei Chen 
has met the thesis requirements of Iowa State University 
Signatures have been redacted for privacy 
111 
DEDICATION 
To my husband, Hui Rong Qian, for his love and support. 
To my lovely daughter, Selena, for bringing me happiness. 
lV 
TABLE OF CONTENTS 
CHAPTER!. GENERAL INTRODUCTION 
Introduction 
Thesis organization 
Literature review 
CHAPTER 2. DEVELOPMENT OF MICROSA TELLITE MARKERS 
Abstract 
Materials and methods 
Results 
Discussion 
Literature cited 
CHAPTER 3. GENETIC VARIATION IN UREDINIAL AND AECIAL 
POPULATIONS OF MELAMPSORA MEDUSAE AT A SITE 
IN AMES, row A 
Abstract 
Materials and methods 
Results 
Discussion 
Literature cited 
CHAPTER 4. GENETIC DIVERSITY OF POPLAR LEAF RUST 
POPULATIONS IN MINNESOTA, row A AND MISSOURI 
Abstract 
Materials and methods 
Results 
Discussion 
Literature cited 
CHAPTER 5. GENERAL CONCLUSIONS 
REFERENCES 
ACKNOWLEDGEMENTS 
1 
1 
2 
3 
13 
14 
20 
21 
23 
31 
33 
36 
39 
41 
50 
53 
55 
57 
60 
72 
75 
83 
CHAPTERl.GENERALINTRODUCTION 
Introduction 
With rapid growth rates, ease of establishment, and ease of clonal propogation, 
Populus species and hybrids are now intensively grown in commercial plantations for fiber 
and biomass production. In the United States there has been a rapid expansion of Populus 
plantations since the 1980s. Unfortunately, not many clones have sufficient pest resistance 
and improved growth potential for use in the North Central region of the United States 
(Hansen et al. 1994). 
Most interspecific hybrids of Populus species are susceptible to insects and 
pathogens, especially the stem canker caused by Septoria musiva Peck. Since 1988, the U.S. 
Department of Energy has sponsored a project at Iowa State University for the development 
new Populus clones for pest resistance, enhanced biomass production, and ease of 
propagation. The native P. deltoides Barter. Ex. Marsh, eastern cottonwood, was favored for 
its rapid growth and resistance against Septoria canker. However, eastern cottonwood is 
susceptible to poplar leaf rust caused by Melampsora medusae Thum. Leaf rust can cause 
premature defoliation and up to 60% yield loss in P. deltoides and its hybrids (Widin and 
Schipper 1980). 
Host resistance is the major strategy for control of poplar leaf rust. In the view of 
Melampsora' s capacity for long-distance dissemination and adaptation, it is important to 
develop a better understanding of the population biology of the pathogen. Information 
concerning the population genetics and epidemiology of M medusae is important for disease 
management, in particular for the testing and deployment of resistance. 
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Melampsora medusae requires two hosts to complete its life cycle. Sexual 
recombination ( dikaryon formation) is on the alternate host, tamarack ( eastern larch, Larix 
laricina (Du Roi) K. Koch), which is native to the Great Lakes region and further north. 
Epidemics on cottonwood occur both within and outside the natural geographic range of 
tamarack. It has been assumed that epidemics start from aeciospores in the north, and the 
fungus migrates south as the repeating urediniospore stage. 
To test the hypothesis that epidemics originate in areas where the alternate hosts 
naturally coexist, four objectives were used: i) look for aecia on possible alternate hosts in 
Ames; ii) observe the date of onset of poplar rust epidemics in Iowa, Minnesota and 
Missouri; iii) compare genetic variation of rust populations over three years at a small poplar 
stand in Ames; iv) compare genotypic diversities of Iowa populations with Minnesota and 
Missouri populations. The last two objectives utilized microsatellite markers to study the 
rust populations. By using this population genetics approach, I hope to find out how sexual 
and asexual reproduction contribute to the epidemics and determine if there is gene flow or 
genetic divergence between the central Iowa populations and the more northerly or southerly 
populations. 
Thesis Organization 
This thesis consists of five chapters: a general introduction and literature review (Ch. 
I); three papers for journal publication (Ch. 2-4); and a general discussion and conclusion 
(Ch. 5). References cited in the general introduction, literature review, and general 
discussion and conclusion are at the end of the thesis. Literature cited for chapters 2-4 are at 
the end of the respective chapters. 
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Literature Review 
Populus 
Among the many forest tree genera in the Northern Hemisphere, Populus (poplars, 
cottonwoods, and aspen) has significant advantages as a model system for studying woody 
plant biology (Dickmann and Stuart 1983). In addition to breeding and genetic studies, the 
anatomy, physiology, pathology, entomology, reproductive biology, ecology, and molecular 
biology of Populus has been well studied (Stettler et al. 1996; Klopfenstein et al. 1997). 
Unlike herbaceous plants, such as Arabidopsis thaliana, which are small and easy to work 
with, trees undergo perennial, cumulative, woody growth. However, Populus species are 
generally easier to work with than most forest tree genera. 
Populus has approximately 30 species worldwide, with considerable variation in 
adaptive traits, and species of Populus naturally hybridize. Most Populus species and their 
interspecies hybrids grow very fast in the temperate zone. Annual height growth increments 
of 3-5 meters are common in plantations. With rapid growth rates, Populus species and 
hybrids have short rotations, generally 4-18 years, but this varies according to the end 
product: 2-5 years for fiber production, 6-15 years for bolt wood, and 15-30 years for lumber 
and veneer logs (Stettler et al. 1996). 
Many Populus species and their hybrids are susceptible to insects and pathogens. 
Some species and hybrids may be destroyed by disease and insect injury at an early age, 
which limits their wide use for plantations (Ostry and McNabb 1986). The most important 
poplar diseases in Iowa are leaf spot and stem canker caused by Septoria musiva Peck, leaf 
spot caused by Marssonina brunea (Ell. And Ev.) Magn., and leaf rust caused by 
4 
Melampsora species. Among these diseases, leaf rust may be the most economically 
important (Ostry and McNabb 1986; Royle et al. 1995). Leaf rust causes leaves to fall 
prematurely and decreases tree growth and yield (Schipper and Dawson 1974; Widin and 
Schipper 1981 ). 
Melampsora rust 
There are many species of Melampsora causing rust diseases on Populus. In Asia, 
M multa Shang, Pei et Yuan, M ciliata Wall and M larici-populina Kleban are common 
rust species on native Populus (Shang et al. 1986). In Europe, the native M larici-populina 
Kleban and M alli-populina Kleban occur commonly on P. deltoides (Latch and Wilkinson 
1980; Pinon et al. 1987), P. nigra (Pinon, 1976) and their hybrids. Melampsora larici-
populina was also found to attack black cottonwood (P. trichocarpa) and balsam poplar (P. 
balsamifera) in New Zealand (Wilkinson and van Kraayenoord, 1975) and Poland (Krzan 
1982). White poplar (P. alba) and European aspen (P. tremula) are usually free from M 
larici-populina (Chiba, 1964) and M medusae (Ostry and McNabb 1985) but are susceptible 
to M larici-tremulae, M pinitorqua, M rostupii and M magnusiana in Europe (Oudemans 
1920). 
In North America, M occidentalis H. Jacks is endemic to the Pacific Northwest, 
where its range closely parallels that of its principal host, black cottonwood (Ziller, 1955), 
but has been reported occasionally from the north central states of Minnesota, North Dakota, 
and Iowa (Moltzan and Stack 1990; Tabor, 1993). Melampsora occidentalis may also infect 
other hosts and perhaps some intra- and inter-sectional (with section Aigeiros) hybrids at the 
periphery of the P. trichocarpa range in the Intermountain West (Newcombe et al. 2000). 
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Melampsora medusae commonly occurs on pure P. deltoides and its hybrids in 
eastern North America (Arthur and Cummins 1962; Ziller 1974). Melampsora medusae was 
frequently identified on P. tremuloides ( quaking aspen) in North America (Hunt, 1929; 
Ziller, 1955). However, because the uredinial inoculum of M medusae from P. deltoides is 
not pathogenic to P. tremuloides and vice-versa (Shain 1988a), the rust on aspen is more 
likely to be M medusae f. sp. tremuloidae (Shain 1988b) or M albertensis (Arthur 1934), 
and reports of M medusae on quaking aspen are probably in error. Melampsora medusae 
might be pathogenic on some species and populations of section Tacamahacea, but many 
records of M medusae on P. balsamifera (balsam poplar) may also be in error (Eckenvalder 
1977; Newcombe 2000). Bigtooth aspen (P. grandidentata) , native to northeastern and 
north-central United States and southeastern Canada, is a reported host for M medusae and 
M abietis-canadensis (Sinclair et al. 1987), but the reports of M medusae on bigtooth aspen 
are questionable (Shain 1988b ). 
A number of Melampsora species have been introduced into new regions and 
continents. Melampsora larici-populina and M medusae now occur in almost all parts of the 
world where hybrid poplar is grown. Melampsora larici-populina is native to Eurasia but 
has been found in Australia, New Zealand (Walker and Bertus 1974; Spiers 1978), and South 
Africa (van der Westhuizen et al. 1969). Melampsora larici-populina was also reported in 
the western United States in 1991 (Newcombe and Chastanger 1993b). Melampsora 
medusae is endemic to the eastern United States but has been introduced into Argentina 
(Ragonese and Albert 1974), Australia (Walker and Bertus 1974), France (Pinon 1973), New 
Zealand (van Kraayenoord and Laundon 1974), Africa (Trench et al. 1988) and the western 
United States (Newcombe and Chastanger 1993). 
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M elampsora medusae life cycle 
Melampsora medusae is an obligate, macrocyclic pathogen. It has five spore stages 
and requires two hosts to complete its life cycles. The most common alternate hosts are larch 
(Larix species) and Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco). In spring, 
basidiospores produced from teliospores on dead poplar leaves on the ground are carried in 
the wind and infect nearby larch or Douglas-fir needles, on which spermogonia are produced. 
Aecia and the dikaryotic aeciospores are formed near the spermogonia after mating. The 
aeciospores are dispersed by the wind and may infect poplar leaves, where uredinia develop. 
The dikaryotic urediniospores may infect poplar leaves as long as a favorable environment 
and host are available. When leaves become old, telia develop on the poplar leaf surface. 
Teliospores overwinter on the dead leaves, and after a period of dormancy, may germinate in 
the spring to produce basidiospores (Agrios 1997; Ziller 1974). Diploidization and meiosis 
occur in the teliospores. 
The most economically important stage for poplar leaf rust is the repeating uredinal 
stage. Many studies have indicated that abundant rain and mild temperatures favor poplar 
leaf rust. The optimal temperature range for urediniospore infection in North America is l 5-
200C (Widin and Schipper 1980). On leaf disks, peak infection takes place at 20°C, with no 
infection below 2°C or above 30°C (Spiers 1978). However, lack of rain and high maximum 
temperatures are generally not limiting factors for poplar leaf rust epidemics as night 
conditions frequently offer optimal temperature and leaf wetness for infection (Hamelin et al. 
1992a). Light may or may not affect the germination of urediniospores. Reversible 
inhibition of urediniospore germination by light has been reported in M medusae (Singh and 
Heather 1982b ). While comparing constant light with continuous darkness, no light 
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inhibition of urediniospore germination was found either in M medusae or M larici-
populina (Spiers 1978). 
Initial inoculum 
M medusae needs two hosts to complete its life cycle. Larch and Douglas-fir are the 
two most common alternate hosts for poplar leaf rust. Larch is native to northern North 
America, and Douglas-fir is native to western North America. Other members of the pine 
family could also be important alternate hosts (Molnar and Silvak 1964; Ziller 1965). 
However, in central Iowa, no native Pinaceae is available, and M medusae may not be able 
to complete its life cycle here without introduced hosts. 
It has been assumed that the poplar leaf rust epidemics in Iowa start in the north, then 
spread to the south as urediniospores. Long-distance dissemination of rust urediniospores is 
well documented for several rust pathosystems (Nagarajan and Singh 1990). The "Puccinia 
Path" of P. graminis is compromised of urediniospores transported annually by wind from 
Mexico to central and eastern North America (Stakman and Harrar 1957; Roelfs 1989). 
Poplar leafrust (M larici-populina and M medusae) appeared in New Zealand at two 
different locations 450 km apart following the recent spread of the disease in eastern 
Australia. The analysis of weather systems during this epidemic provided compelling 
circumstantial evidence that spores of these rust species were carried across the ocean for 
over 3000 km (Van Kraayenoord et al. 1974; Wilkinson and Spiers 1976; Pedgley 1986). 
Earlier studies (McCracken et al. 1984) indicate that the primary inoculum for the 
epidemics of poplar leaf rust in the north central United States on cottonwood originate from 
Minnesota and Wisconsin, where larch is common. In Texas and Mexico, where 
cottonwoods may be evergreen, urediniospores were detected at the same time as aeciospores 
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were detected in the northernmost locations (McCracken et al. 1984), which suggests that the 
rust could also overwinter in southern regions. 
It is unknown if the southern primary inoculum is in the form of urediniospores from 
poplars or in the form of aeciospores from unknown alternate hosts. Urediniospores within 
bud scales may serve as the overwintering inoculum for Melampsora species on willows 
(Spiers and Hopcroft 1996; Spiers, 1998). Shain et al (1988a) searched for aecial hosts of M 
medusae among conifers grown in the eastern United States and found aecia on some larch 
trees planted as ornamentals at a considerable distance south of the natural range of larch. 
Disease resistance 
Poplar leaf rust does not appear to be a major problem in natural stands where the 
host and the pathogen have coexisted for a long time. However, the disease may become 
devastating in plantations where trees with narrow genetic diversity are planted at a narrow 
spacing (Newcome and Chanstagner 1993a). Spraying fungicides to control rust is not 
economically feasible (Widin and Schipper 1980). Development of host resistance is the 
primary disease control strategy in short-rotation poplar production. It is possible to select 
for trees with high partial resistance against specific races of the pathogen (Prakash and 
Heather 1989), and some resistant clones have already been identified (Dawson 1974; 
Eldridge et al. 1973; Tabor, 2000). However, the capacity of the pathogen to develop new 
races is a potential problem (Hsiang and Chastagner 1993). 
The Melampsora species on poplars are a complex of species, formae speciales, races 
and pathotypes. Races have been recognized in M medusae (Singh and Heather 1982a; 
Prakash and Thielges 1987) and in M larici-populina (Chandrashekar and Heather 1980; 
Latch and Wilkinson 1980; Pinon et al. 1987; Pinon 1992). The presence of pathogenic 
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variability has been noted within M occidentalis and M medusae (Shain 1988b; Hsiang and 
Chastagner 1993). Hybrids between fungal species are generally thought to be rare, but 
interspecific hybrids between M medusae and M larici-populina were reported in New 
Zealand (Spiers and Hopcroft 1994). In the Pacific Northwest and Midwest, M medusae 
may form hybrids with M occidentalis, which were described as a new species, M. X 
columbiana (Newcombe et al. 2000). 
Results from western Kentucky indicated that isolates of M medusae f. sp. deltoides 
from southern origins have broader adaptation and are more virulent on local southern host 
genotypes (P. deltoides) than are isolates from northern origins (Hamelin et al. 1992b ). The 
larger variance attributable to specific interactions in northern isolates indicates the potential 
for pathogen adaptation to resistant host genotypes from southern areas. 
Several rust resistance genes have been identified in Populus species. The single 
gene Mmdl from P. trichocarpa is believed to condition stable resistance against M 
medusae f. sp. deltoides (Newcombe 1998). Another single gene, Lrdl, inherited from P. 
deltoides, was found to render high resistance (immunity) to pathotypes of M medusae 
prevalent in central Iowa (Tabor et al. 2000). In Europe, a single gene cluster in Populus that 
controls incompatibility and partial resistance to M larici-populina was identified (Lefevre et 
al. 1998). But the long-distance dispersal capacity of the rust and its potential for adaptation 
have raised a concern for the stability of these resistance genes (Hamelin et al. 1992). In 
western Europe, clones selected for rust resistance have succumbed to new races of M larici-
popilina (Pinon 1995). 
Population study and genetic markers for M. medusae 
Hardy ( 1908) and Weinberg ( 1908) demonstrated independently a theorem or a 
principle, now termed the Hardy-Weinberg (H-W) principle. In a large random-mating 
population with no selection, mutation, or migration, the gene frequencies and the genotype 
frequencies are constant from generation to generation and, furthermore, there is a simple 
relationship between the gene frequencies and the genotype frequencies. The relationship 
(for autosomal genes) is this: if the gene frequencies of two alleles among the parents are p 
and q, then the genotype frequencies among the progeny are p 2, 2pq, and q2. A population, if 
genotypic frequencies do not depart significantly fromp2+2pq+ q2, is said to be in H-W 
equilibrium. Many fundamental theories on population and evolutionary biology were then 
developed from this Hardy-Weinberg principle. However, in mycology and plant pathology, 
the population biology of pathogens has not been well examined. There are numerous 
reasons for this, such as insufficient phenotypic characters showing variation in the 
population, the lack of neutral genetic markers, and the lack of understanding of how useful 
population genetics can be (Drenth 1998). Plant pathologists have been more concerned with 
the variation in phenotypic characters such as virulence in fungal populations. 
With the advent of molecular markers in the 1980s and the realization that fungal 
pathogen populations are more variable than was initially thought, there has been a 
significant increase in the number of studies in this area. However, it is still challenging for 
scientists to bring the biology of the organism and mathematics together in an effort to 
address important biological questions. With the development of modern techniques, more 
and more approaches are now available that allow us to ask in-depth questions concerning 
population and evolutionary biology. Numerous markers have been used to characterize the 
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genetic structure of pathogen populations. Among them, DNA-based molecular markers 
such as amplified fragment length polymorphism (AFLP), restriction fragment length 
polymorphism (RFLP), random amplified polymorphic DNA (RAPD), single strand 
conformational polymorphism (SSCP), and microsatellite markers (also called simple 
sequence repeats: SSR) have been commonly used. 
However, there are not many markers available for Melampsora species. Earlier 
efforts to detect sequence variation in the internal transcribed spacer (ITS) region of mtDNA 
were not successful, and no PCR product was amplified from the intergenic spacer (IGS) 
region between the large subunit and 5S genes (Tabor and McNabb, 1997). Two SSCP 
markers were identified in Canada to study M medusae in eastern Canada and the United 
States; greater gene diversities were found in northern populations, where the alternate hosts 
are present, than in southern populations (Bourassa et al. 1998). 
Microsatellite markers have emerged as the DNA marker of choice due to their co-
dominant, multiallelic, highly polymorphic nature and reproducibility (Zhivotovsky and 
Feldman 1995; Guarino et al. 1999). Microsatellites have been characterized and used 
extensively in animals and plants (Tautz 1989; Wang et al. 1994). Noncoding 
microsatellites, considered to be selectively neutral, provide us with a baseline to discuss the 
relative contribution of gene flow and overall differentiation of populations. Microsatellite 
regions are usually highly polymorphic due to a high mutation rate. They may be more 
useful for detecting recent isolation by distance and macrogeographical patterns than 
allozymes and mtDNA (Lemaire et al. 2000), which may better reflect the geographic origin 
of established populations. However, it is necessary to gather precise knowledge of the 
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polymorphism before the microsatellites can be used. Then it is necessary to find highly 
conserved flanking regions and develop PCR assays for each putative locus. 
With the increasing interest in the extensive use of Populus species and the increasing 
importance of Melampsora rusts, a better understanding of host-pathogen interactions is 
needed. Information concerning the epidemiology and population genetics of M medusae is 
particularly important in North Central United States, where we may attempt to utilize single 
gene resistance in Populus. However, it is not easy to use traditional tools or even molecular 
techniques to study this fungus because it is an obigate parasite, and extraction of large 
quantities of rust DNA is difficult. Thus, PCR-based microsatellites were used to work with 
large sample sizes and DNA that could be extracted from single uredinial pustules. 
Population genetics tools were used to examine the strength of "barriers" and estimate the 
magnitudes of gene flow. 
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CHAPTER 2. DEVELOPMENT OF MICROSATELLITE MARKERS 
A paper to be submitted to Phytopathology 
Wei Chen and Thomas C. Harrington 
ABSTRACT 
Melampsora medusae, the causal agent of poplar leaf rust, is an obligate parasite. Only 
small quantities of DNA can be obtained from individual thalli. Thus, highly polymorphic, 
PCR-based molecular markers are needed for population studies. A protocol was developed 
to construct a microsatellite-enriched library for this organism. Twelve different 
microsatellite oligonucleotides were used to enrich for DNA fragments with simple sequence 
repeats (SSR), and clones containing microsatellites were detected by hybridization. Three 
highly polymorphic, PCR-based markers (CAT30, CAA57 and CAGJ 1) were developed by 
designing PCR primers specific to the flanking regions of the SSR fragments. The primers 
were labeled with unique fluorescein dyes, PCR products were amplified from DNA 
extracted from single uredinial pustules, and the PCR products were separated by 
electrophoresis through polyacrylamide gels and analyzed using GeneScan software. The 
results from GeneScan analysis were highly precise and consistent. The markers were highly 
polymorphic, with 15, 15 and 8 alleles for CAT30, CAA57 and CAGJ 1, respectively, in a 
sample of 243 single uredinia. 
Additional Keywords: Melampsora medusae, SSR, PCR. 
Melampsora species cause foliage disease on Populus species around the world. The 
increasing interest in Populus for biomass production necessitates more precise information 
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on the host and pathogen genetics. Since the pathogen is an obligate pathogen and large 
quantities of rust spores are difficult to obtain, polymerase chain reaction-based markers are 
needed for population studies of M medusae. 
Simple sequence repeats (SSR), or microsatellites, have been shown to be highly 
polymorphic among individuals within populations (12,14). This, together with the fact that 
they can be resolved by a simple, PCR-based assay (4), has led to their widespread use as 
molecular markers (5,8,16). 
Here I report the development of microsatellite markers in M medusae by using a 
modified enrichment technique ( 4 ), and I show the potential of these markers for studying 
rust populations. The procedure includes digestion of genomic DNA, ligation of adaptors, 
PCR, and two steps of microsatellite-enrichment prior to cloning. The clones were screened 
by colony hybridization using specific microsatellite oligonucleotides as probes. The 
selected clones were then sequenced, and primers were designed from the flanking regions of 
the SSR fragments. 
MATERIALS AND METHODS 
Preparation of genomic DNA. Healthy detached poplar leaves (Populus X 
euramericana (Dode) Guinner cv. I-488) were inoculated with a mixture of urediniospores 
collected in Ames, Iowa during the rust epidemic of 1998. The inoculated leaves were 
placed abaxial side up in 150 mm petri dishes containing moist filter paper soaked with 10 
mg/liter gibberrilic acid (Sigma Chemical Co., St. Louis), and the plates were wrapped with 
Parafilm to maintain high humidity. The petri dishes were maintained in a growth chamber 
on a 16-h photoperiod with day and night temperatures of 20 and 18 °C, respectively. 
Mature urediniospores were transferred to new healthy leaves once every week to accumulate 
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spores for DNA extraction. Urediniospores were collected on white paper by lightly tapping 
uredinia-containing leaves and were carefully transferred to a 1.5 ml centrifuge tube for DNA 
extraction. 
Total genomic DNA of the urediniospores was extracted with a modified protocol of 
,,+ .J., 
Hamelin (6) . About 50 µl of spores in a 1.5 ml centrifuge tube were ground for 30 s with 
equal volumes of diatomaceous earth (Sigma Chemical Co., St. Louis, Missouri) and 50 µl 
extraction buffer [100 mM TRIS-HCl, pH 9.5, 2% CTAB-(hexadecyltrimethyl-ammonium 
bromide), 1.4 MNaCl, 1% polyethylene glycol 8000, 20 mM EDTA, pH 8.0, 1% ~-
mercaptoethanol] using a disposable Kontes pestle (Nalge Nunc International, Naperville, 
Illinois). More extraction buffer ( 450 µl) was added, and the sample was ground again for 
about 30 s. The slurry was then incubated at 65 °C for 1 h. 
The DNA was then extracted with 500 µl phenol:chloroform:isoamyl alcohol (25 :24: 1 ), 
finger vortexed, and centrifuged at 13,200 rpm for 5 min. The recovered upper phase was 
precipitated with equal volume of cold (-20 °C) isopropanol and placed at -20 °C for at least 
30 min. The DNA was pelleted by centrifugation for 5 min at 13,200 rpm and then washed 
with 70% cold ethanol, after which the pellet was dried in a Centrivap concentrator 
(Labconco, Kansas City, Missouri). The DNA pellet was resuspended in 50 µl TE-8 (10 mM 
TRIS, 1 mM EDTA, pH 8.0), treated with RNAase (GIBCO BRL, New York), and then 
cleaned with the Bio 101 Geneclean II kit (Qbiogene, Carlsbad, California). 
Genomic DNA (200 ng) was then digested with 30 units of Rsa-1 in a volume of 50 µl at 
37 °C for 2 h. The enzyme Rsa-1 recognizes the sequence GTAC, leaving a blunt end 
between the T and A. The restricted DNA was then ligated to 1 µg of a Mlul adapter, 
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consisting of two oligonucleotides complementary to each other, the 21 mer-XHO (5' 
CTCTTGCTTACGCGTGGACTA 3'), the 25 mer-MLU (5' 
T AGTCCACGCGT AAGCAAGAGCACA 3 '), and with 1 unit of T 4 DNA ligase for 5 h at 
37 °C. 
Amplification of ligated fragments. One microliter of ligated product was then 
amplified in 50 µl of 4 mM MgCh, IX PCR buffer, 200 µM dNTP, 4 ng of the 21-mer 
adaptor primer (XHO), and 2.5 units of Taq DNA polymerase (Promega, Madison, 
Wisconsin). Amplification was conducted for 35 cycles of denaturation ( 40 s) at 95 °C, 
annealing (1 min) at 60 °C, and extension (3 min) at 72°C. A final extension was performed 
for 30 min. 
Generally, PCR products from three reactions were pooled, phenol extracted, chloroform 
extracted, brought to 100 mM with NaCl, and then precipitated using 2.5 volumes of 100% 
cold ethanol. Samples were kept on ice for 1 h following centrifugation at 4 °C at 13k rpm 
for 20 min. The samples were then vacuum dried and dissolved in 25 µl sterile water. 
Microsatellite enrichment. Twelve oligonucleotides were used to enrich for amplified 
DNA fragments containing simple repeats: (GC)1s, (GCC)10, (CAC)10, (CTG)10, (GA)1s, 
(GT)1 5, (CATA)1o, (GATA)10, (CAT)10, (CAA)10, (AT)1s, and (ATT)10- Eighty nanograms 
of an oligonucleotide in a total volume of 80 µl with 3X SSC ( 45 mM sodium citrate, pH 7.0 
and 450 mM NaCl) was spotted onto a 1 cm2 piece of Hybond nylon membrane (Amersham 
International plc, Amersham, UK). The membranes were air dried for 1 h, baked for 1 hat 
65 °C, and then crosslinked under 260 nm UV. The fixed membranes were washed twice in 
10 ml of hybridization buffer (pH 7.0, 50% formamide, 2.5% SDS, 25 mM Na-phosphate, 
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3X SSC) at 45 °C for 2 days, washed in lX SSC at room temperature for 1 min, then stored 
damp at-20 °C until needed. 
Hybridization was carried out by placing 25 µl of PCR product in 500 µl of hybridization 
buffer containing 1 µg of 21-mer oligonucleotide XHO and 12 membranes, each bound with 
a different oligonucleotide, for 18 to 48 hat 50 °C. 
After hybridization, the membranes were individually washed 5 times (10 min per wash) 
in 2X SSC, 0.01 % SDS at 65 °C, then 3 times (30 min per wash) in 0.5X SSC and 0.01 % 
SDS at 65 °C. Bound DNA, presumably composed of microsatellite sequences, was eluted 
separately into 400 µl sterile water by boiling for 5 minutes. The 400 µl eluted solution was 
precipitated with 100 mM NaCl and 2.5 volumes of ethanol and put on ice for 1 h. The 
samples were then pelleted by centrifugation for 20 min at 4 °C, 13k rpm, vacuum dried, and 
dissolved in 25 µl sterile water. Samples were re-enriched by repeating the amplification, 
hybridization, and recovery steps. 
Cloning and detection. The re-enriched DNA samples were run on a 2% agarose gel 
and stained with ethidium bromide. Bright bands or smears that ranged from 300 to 1,000 
bases were cut out and purified using the Bio 101 Geneclean II kit. The DNA was ligated 
into pGEM-T easy vector (Promega, Madison, Wisconsin) using a 1: 1 insert:vector 
molecular weight ratio. Ligated plasmids were then transformed into JMl 09 high efficiency 
competent cells (Promega, Madison, Wisconsin) and plated onto LB medium (per liter: 1 0g 
Bacto-Tryptone; 5g Bacto-Yeast Extract; 5g NaCl) containing 100 µg/mL ampicillin, and 
100 µl of 100 mM IPTG (isopropyl-~-D-thiogalactopyranoside) and 20 µI of 50 mg/ml X-
Gal (100mg 5-bromo-4-chloro-3-indolyl-~-D-galactoside; 2ml N,N' -dimethyl-formamide) on 
18 
the surface of the LB medium. Following incubation overnight at 37°C, white colonies were 
transferred onto new L-agar plates. The colonies were arranged in a 6 X 7 grid (0.5 X 0.5 
cm) and, after incubation overnight, were transferred to Hybond nylon membranes by colony 
lift according to the manufacturer's protocol. 
The prepared membranes with colonies were hybridized with 32P-labelled 
oligonucleotides to screen for colonies containing the specific SSR. The membranes were 
incubated in 250 ml of denaturing solution (0.5 M NaOH, 1.5 M NaCl) for 45 min followed 
by incubation in 250 ml of neutralizing solution (1.0 M Tris pH 8.0, 1.5 M NaCl) for 45 min, 
and rinsed in deionized water for 20 min. The membranes were prehybridized in 25 ml of 
Church's hybridization buffer (250 mM Na2HPOiNaH2PO4 pH 7.4, 7% SDS, lmM EDTA, 
1 % BSA) for a minimum of 1 h. Approximately 50 ng of the oligonucleotide probe was 
end-labeled with 20 µCi 32P-dCTP using terminal deoxynucleotidyl transferase (Promega 
Co., Madison, Wisconsin) according to the manufacturer's protocol. The reaction was 
stopped by adding 80 µl of TE. The probes were purified by spin column chromatography 
using a Sephadex 025-80 column (Sigma Chemical Co., St. Louis, Missouri). The probes 
were then directly added to the hybridization buffer and kept at 42 °C overnight. Membranes 
were washed twice for 45 min at 42 °C with 250 ml of 6X SSC, and twice for 45 min with 
250 ml of 5X SSC. Membranes were then exposed to a phospher screen for 2 h, and the 
screens were developed using a STORM840 ImageQuaNT scanner (version 4.1, Molecular 
Dynamics, Inc. Piscataway, New Jersey). 
The most strongly hybridizing colonies were then selected and incubated in LB-
ampicillin liquid media (1 liter: 10 g Bacto-Tryptone, 5 g Bacto-Yeast extract, 5 g Na Cl and 
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100 µg/ml ampicillin) overnight at 37 °C with shaking. The plasmid DNA was extracted 
using the QIAprep miniprep kit (Qiagen, Valencia, California). The plasmid DNA was 
restricted with Eco RI and electrophoresed to determine the size of inserts. Plasmids with 
inserts of the proper size were then sent to Iowa State University DNA Sequencing and 
Synthesis Facility for sequencing. 
Design of PCR primers. Based on the sequences of the cloned fragments, clones with 
long stretches of SSRs were selected. Compatible pairs of PCR-primers were then designed 
from the regions flanking the SSR sequence by using Oligo 5 (version 5.1, National 
Biosciences, Inc.). 
The synthesized primers were tested with different reaction components and conditions. 
Optimal annealing temperatures and concentrations of MgCh were determined by 
visualization of the PCR products in 2% agrose gels after staining with ethidium bromide. 
Only the three primer pairs that produced one or two bands when used with M medusae 
template DNA were selected. One of the primers of each of the selected primer pairs were 
then labeled with unique fluorescein dyes (GIBCO BRL, New York). 
Amplification of SSRs. The three microsatellite markers (CAT30, CAA57 and CAGJ 1) 
were then used with DNA from a single uredinium as a template. Individual uredinial 
pustules with some green leaf tissue were cut out from leaves with scalpels and placed 
into 1.5 ml Eppendorf microtubes. The DNA extraction procedure was as described earlier 
but without the RNAase treatment and Geneclean purification. Amplification was conducted 
in a 96-well thermal cycler (MI-Research Model PTC-100). For CAT30, PCR reagents were 
from Promega corporation. Amplifications were performed in 12.5 µl with 200 µM dNTP 
mixture, 1.5 mM MgCh, IX Buffer A, 5% DMSO, 0.3 units Taq DNA polymerase, 0.2 µM 
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of each primer, and 1 µl of extracted DNA. For CAA57 and CAGl 1, amplifications were 
performed in 12.5 µl with 200 µM dNTP mixture, IX Buffer, 0.3 units TaKaRa Ex Taq™ 
(PANVERA, Madison, Wisconsin), 0.2 µM of each primer, and 1 µl of extracted DNA. The 
thermal cycler was programmed for an initial denaturation step at 95 °C for 4 min, then 35 
cycles of 95 °C for 35 s, 55 °C (or 60 °C for CAGl 1) for 1 min, and 72 °C for 2 min. The 
reactions ended with a 10-min extension at 72 °C. 
The PCR products were run (ISU DNA Sequencing and Synthesis Facility) in a 1 % 
polyacrylamide gel, each lane with three PCR products (yellow for Hex-CAT30; green for 
Tet-CAA57; and blue for Fam-CAG 11) from the DNA template of a single uredinium and a 
standard marker (red: Tamara-350). The length (in base pairs) of PCR products were 
interpolated through GeneScan 3 .1 (Perkin Elmer Corp., Foster City, California) fluorescent 
sequencing and fragment analysis software by comparing to the standard markers. 
RESULTS 
Thirty-six clones of putative SSRs with unique EcoRI restriction patterns were sequenced 
after microsatellite enrichment, cloning and 32P screening. Nineteen unique SSR regions 
containing repeats of CAA, CAC, CAG, CAT, CATA, or GT were found. The contiguous 
repeats were from 45 to 270 bases in length. Some of the sequences were not suitable for 
primer design because the flanking sequences were too short. Twenty-four primer pairs for 
PCR were designed from the flanking sequences of 16 microsatellite loci. Twenty-one PCR 
primer pairs were believed to be non-specific to a single locus because they produced 
products with more than two bands with DNA from single uredinia, and these primer pairs 
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were no longer used. Primers for the loci CAT30, CAA57 and CAGJ 1 (Fig. 1) amplified 
highly polymorphic bands, with one band for homozygotes and two bands for heterozygotes. 
Compared to regular agarose gel electrophoresis (Fig. 2A), analysis of fluorescein-
labeled PCR products through GeneScan analysis after electophoresis in 1 % polyacrylamide 
gels (Fig. 2B) gave excellent resolution and precision. The PCR products from the three 
primer pairs and the DNA standard could be run in the same lane because each was distinctly 
labeled. One base pair differences could be resolved in the three sets of PCR products by 
comparing to the standard markers. Nine representative alleles (3 alleles for each locus) 
were sequenced by direct sequencing of PCR products. All nine alleles had the expected 
number of the respective SSRs expected based on the size determined by GeneScan. 
The results from GeneScan analysis were very consistent. The DNA from 20 uredinia in 
a detached leaf inoculated with urediniospores from a single uredinium culture of M 
medusae were used as templates in two separate sets of PCR reactions. The determined PCR 
product sizes ranged from 210.46 to 210.73 bp for allele 211 at locus CAT30 (Fig. 3a), from 
282.31 to 282.53 bp for allele 283 at locus CAA57 (Fig. 3b ), from 316.29 to 316.67 bp for 
allele 317 at locus CAA57 (Fig. 3c), and from 273.75 to 273.94 bp for allele 274 at locus 
CAGll (Fig. 3d). 
From more than 1000 samples analyzed from the population studies in Chapters 3 and 4, 
15, 15, and 8 alleles were identified for CAT30, CAA57 and CAGJ 1, respectively. In about 
5% of the extracted DNA samples from single uredinia, only weak PCR products were 
detected. Less than 2% of the extracted DNA samples yielded no PCR product. 
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DISCUSSION 
This protocol, modified from Edwards et al. ( 4 ), successfully identified microsatellite-
regions in M medusae and provided three highly polymorphic and reproducible markers. 
The modified procedure included screening of clones with 32P-labeled oligonucleotides, thus 
reducing the cost of sequencing cloned fragments with putative microsatellite regions. 
Although detailed characterization of 19 SSR-positive clones led to only three primer pairs 
suitable for further population studies, these three markers were highly polymorphic and 
produced amplification products with the expected microsatellites and alleles that differed by 
the expected 3bp increments. The results with fluorescein labeled oligonucleotides and 
GeneScan analysis were highly precise and consistent. 
The organism used in our studies is an obligate pathogen, and large quantities of DNA 
are difficult to obtain. Thus, efficient PCR is needed. High fidelity TaKaRa Ex Taq TM 
polymerase more consistently produced PCR products and bands of greater intensity than did 
Pro mega polymerase, especially for CAA5 7 and CA G 11. Sizes of 16 PCR products for each 
of the three loci using TaKaRa Ex Taq™ polymerase were identical to those generated by 
Promega polymerase. 
The three primer pairs each produced either one or two bands, which were interpreted as 
indication of homozygosity or heterozygosity, respectively, of the dikaryotic uredinia. 
Amplification using some DNA samples resulted in no products at all three loci, presumably 
because of poor-quality or absence of template DNA. When no product was obtained with 
only one or two of the primer pairs, repeated PCR reactions with those primer pairs later 
yielded products. 
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Heterozygote deficiencies relative to Hardy-Weinberg expectations have been observed 
with minisatellite and microsatellite loci in humans and other species ( 11 ). While such 
heterozygote deficiencies can result from the Wahlund effect or severe inbreeding (7,13), 
they may also be explained by the presence of null alleles, such that many of the apparent 
homozygotes are, in reality, heterozygotes, having a visible and a null allele. For 
microsatellites, such null alleles can arise when mutations prevent primers from binding (2). 
To estimate the frequency of null alleles (r) in the rust populations, a simple equation (1) was 
used: r =(He-Ho)/( He+Ho ). Here Ho is the observed heterozygosity, which is the number 
of two-banded individuals divided by the total number of one-banded and two-banded 
individuals, and He is the expected heterozygosity (10), measured as 1-I(xi)2, where xi is the 
frequency of the ith allele. The estimated frequencies of null alleles (r) for each of the three 
loci in 9 populations (Chapter 4) ranged from 0.8% to 2.8%. These low frequencies suggest 
that under the assumption of panmixia, the probability of the heterozygote deficiency 
(relative to Hardy-Weinberg proportions) due to null alleles was very low, thus indicating 
that null alleles were rare or absent. 
Preliminary results indicate that CAT30, CAA57, and CAGJ J are species specific. The 
primers designed from M medusae can amplify DNA from M medusae but failed to amplify 
DNA extracted from two isolates of Melampsora larici-populina, one of which was from the 
state of Washington and the other from Boone, Iowa. Primers designed for 12 micro satellite 
loci of M larici-populina did not amplify DNA from M medusae (unpublished). The highly 
specific nature of these microsatellite markers is in contrast to other SSR markers in other 
organisms, in which the markers are usually conserved for many species in a family or a 
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genus of plants or animals (3,9,14,15). Nonetheless, these M medusae-specific primer pairs 
are highly useful in population studies of M medusae. 
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CAA-57 
ACAGCTTACAAGTGAAAATTTGAACCACAATTTGTCAGGATTGAAATTGAAATCCAAAAATTATT 
GAAAGAAAGCTTTGGATTGTTCAACAACAACAACAACAACAACAACAACAACAACAACAACAAC 
AACAACAACAACAACAACAACAACAAGAAACAACAACACCATGACCGAAACTAATTCATCATCA 
TCATCAAAAAATAAAAATAGAAAAAGAGCTAGAACCAGTTCAAATCAAGTCACAGTTCATGAAA 
ACAATCAAAACTCAACTCATTCAAAATCAACAACAACAACAACAACAACTAATCATACTAATTTA 
CAATCTGCATTAAAAGGT 
CAG-11 
ACAGCAGCTACCTGCCATACCAAACCAAGCGTTTCAATTGAACCCAAGCCTTCATACACTTGCGA 
ACTCCGCTGCTCCGTCTGGAGCAACAGGCCATTCAACGTCAGGGCCTTCACTTGCGCACAACATCT 
CGCAAGCGAATAACGTTACTCGAACTCTTACACCTCTTCAGCTAGCCCAATATCTACAACAGCAGC 
AGCACTTGCAGCAACATCAACAGCAGCGGCAGCAACTTCAACAGCAGCAGCAGCAGCAACATCA 
ACAGCAGCAACAGCAACAGCAGCAACAACAACAGCAGCAGCAGCAGCAGCAACAACATTTTGAT 
CAACAATTACATGCTGGCCAGTACTCACAGCCACAGATACAAATCCAACATCCACAATTACA 
CAT-30 
CTAGGACAAAAATAAAATGATCTCAGTGACGGATACGTGTCGACATCAAGCTCTCTGTAAAGAAG 
TTCAAATGCCTTACACGTATCATCATCATCATCATCATCATCATCATCATCATCATCATCATCATCA 
TCATCATCATCATCATCATCATCTTCGTTATCATCATCTTCATTTGAGGAATCTCCATGTCGGACAA 
ACATGTTCAGGGTCTTGAACGGGAAGTTGTGATTAGAACTCAGCCAGCTTTTGCGGAACAGATGA 
GCTCGTTTCGGATTCAGATAAAGTATAGGAAATAACATTGGAGTAACTATTTTTGATCACGTTATA 
CAAACGAATCTCAGGTTGAGCCCATCCTCCAATGGTTGATTGACTTCCAAGTCGGCATACTCTGGG 
TCAAGGATGT 
Fig. 1. Sequences of three microsatellite loci and their flanking region in Melampsora 
medusae. Priming sites are underlined. 
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Fig. 2. Analysis of fluorescein labeled PCR products at CAT30 using (A) a 2% agarose gel 
and ethidium bromide staining and (B) a 1 % polyacrylamide gel and analysis of the 
fluorescein-labelled primers with GeneScan. The PCR products were generated using DNA 
from single uredinia ( a to e ), with the five samples proving to be heterozygotes except in e. 
Allele sizes were a: 199bp, 21 lbp; b: 199bp, 21 lbp; c: 199bp, 217bp; d: 199bp, 21 lbp; e: 
211 bp. 
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Fig. 3. Frequency distribution of the sizes (in bp) of the PCR products of four microsatellite 
alleles from two separate amplifications ( solid bars and open bars) of 20 separate uredinia 
derived from a single uredinial culture of Melampsora medusae. 
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CHAPTER 3. GENETIC VARIATION IN UREDINIAL AND AECIAL 
POPULATIONS OF MELAMPSORA MEDUSAE AT A SITE IN AMES, 
IOWA 
A paper to be submitted to Phytopathology 
Wei Chen and Thomas C. Harrington 
ABSTRACT 
Three PCR-based microsatellite markers (CAT30, CAA57, CAGJ 1) were used to study 
the dynamics of Melampsora medusae f. sp. deltoides in Ames. Diseased leaves of Populus 
deltoides were collected in 1998, 1999 and 2000 on the northeastern corner of the Iowa State 
University campus. Extracted DNA from uredinial pustules was tested for microsatellite 
alleles. Seedlings of Larix laricina (Du Roi) K. Koch were set out at the site in spring 2000 
in order to see if viable basidiospores were discharged from overwintering poplar leaves. 
Aecia formed after cross-fertilization on larch seedlings placed on the site in April and early 
May of 2000. The aecial population was highly diverse, with an average gene diversity of 
0.77, and 44 of 45 aecia had unique genotypes. Uredinial populations on poplar, which did 
not become apparent until late June, July or August, had fewer unique genotypes and 
comparatively lower levels of gene diversities (from 0.58 to 0.71). In 1999, the uredinial 
population with the greatest proportion of unique genotypes and the highest level of gene 
diversity was found on the last sampling date. Comparisons with expectations generated by 
computer simulation showed that the 2000 aecial population was as genetically diverse as 
that expected for a sexually reproducing population with free recombination, whereas 
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uredinial populations were significantly less diverse than expected. The results suggest that 
populations resulting directly from sexual recombination have high genetic diversity, and that 
asexual propagules (urediniospores) contributed greatly to the initial populations in 1998, 
1999 and 2000. Immigration of new genotypes may have contributed to the increase in 
genetic diversity as the season progressed. 
Additional keywords: poplar leaf rust, microsatellite markers, urediniospores, aecia. 
Melampsora medusae f. sp. deltoides is a heteroecious, macrocyclic rust on leaves of 
poplars in North America (16). Telia and uredinia are formed on Populus deltoides and its 
hybrids, while pycnia and aecia form on the alternate host, eastern larch, Larix laricina (Du 
Roi) K. Koch. Eastern larch is native to the Great Lakes region and further north. There is 
no native larch in Iowa, though susceptible Larix species are occasionally planted here as 
ornamentals. The epidemics on P. deltoides in Iowa are assumed to originate from 
urediniospores from Wisconsin or Minnesota, where the fungus can overwinter as telia and 
complete its life cycle in the spring (7, 17). 
Leaf rust on Populus species does not appear to be a major problem in natural stands 
where the host and the pathogen have coexisted for a long time. However, the disease may 
become devastating in plantations (9). Trees in plantations often have narrow genetic 
diversity and are planted at narrow spacing. Disease can develop rapidly in susceptible 
clones (11, 15). 
Resistance is currently the most economically feasible and environmentally sound 
strategy to control poplar leaf rust. It is important to have a better understanding of the 
overwintering mechanisms of this fungus and how sexual and asexual reproduction 
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contribute to the rust epidemics in Iowa, especially as we attempt to utilize single gene 
resistance. If most of the initial inoculum comes from populations overwintering locally, 
then it is possible to select inadvertently for virulent genotypes of the pathogen by the 
overuse of single or major genes for resistance. Races of the pathogen that are particularly 
virulent on the deployed poplar clones could overwinter here and build up year after year, 
eventually dominating the local rust population and rendering the resistant clones fully 
susceptible. On the other hand, if the pathogen only overwinters in the northern regions 
where larch is native, then each year a new population would appear in Iowa. Although there 
would still be the possibility of selection of virulent races during the growing season, these 
selected races could not overwinter here, and there would not be year-to-year selection for 
virulence. This would bode well for the stability of single gene resistance in areas south of 
native larch stands. 
I examined microsatellite variation in populations of M medusae from a small 
population of Populus deltioides on the Iowa State University campus, where the alternate 
host is unavailable. I examined: (i) whether or not there are viable basidiospores discharged 
from overwintered poplar leaves in Ames; (ii) whether the populations are obligately asexual; 
and (iii) whether populations of M medusae change during a season. 
MATERIALS AND METHODS 
Sampling of uredinia. All collections were made at a single location in the midst of an 
abandoned coal pile in the northeast corner of the Iowa State University campus, where 20 
cottonwood trees were growing naturally within a small area of about 200 m2. No larch or 
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), another potential alternate host, were 
within 1 km of the site. 
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Diseased poplar leaves were collected in 1998, 1999 and 2000. On 21 July 1998, 25 
leaves were collected from five trees, five leaves from each tree. One pustule from each leaf 
was used as inoculum to infect a detached poplar (Populus X euramericana (Dode) Guinner 
cv. I-488) leaf. The leaves were kept in a growth chamber as described in chapter 2. For 
DNA extraction, about 10 uredinia from a single pustule culture were excised and placed into 
a 1.5 ml Eppendorf microtube by using a sterilized dissecting needle. On 19 July 1999, 20 
pustules were collected from two trees (five leaves per tree, two pustules per leaf), and 
individual pustules were excised from air-dried leaves for DNA extraction. A three-level 
hierarchical sampling scheme was used on 8 August 1999 and 10 October 1999. On each 
date, a total of 162 samples was collected from six trees with three branches per tree, three 
leaves per branch, and three uredinia per leaf. On 19 August 2000, only four of the six trees 
were diseased, and 108 samples were similarly collected from the four trees. 
Sampling of aecia. Three-month-old larch (L. laricina) seedlings in trays (18 X 12 X 5 
cm) were placed on the site from 15 April to 11 June 2000. The seedlings were placed 
directly underneath the poplar trees, surrounded by old overwintered poplar leaves; at 50 m 
southwest of the poplar trees; and at 100 m southwest of the poplar trees. After 2 wks, the 
seedlings were transferred to a growth chamber set at a 16 h photoperiod and 18 °C. As soon 
as pycnia with droplets of pycnial nectar appeared, they were spermatized by passing a small 
pen brush moistened with distilled water over the needles. Single aecia were used for DNA 
extraction. Aeciospores that formed were also used to inoculate a universally susceptible 
clone (P. X euramericana cv. I-488) to obtain urediniospores for microscopic identification 
of the rust as M medusae (18). 
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Allele determination. DNA extraction and amplification procedures were as described 
(Chapter 2). The sizes of the PCR products were determined by polyacrylamide gel 
electrophoresis and GeneScan analysis at the Iowa State University DNA Sequencing and 
Synthesis Facility. 
Statistical analysis. The BIOSYS-2 (14) program was used to calculate allele 
frequencies, gene diversities (Nei's unbiased estimate, for a single locus, h = 2n (1 - Lx?) I 
(2n - 1 ), where n is the sample size, xi is the frequency of ith allele; corresponding unbiased 
estimate of He over r loci is: He= Lhk Ir, where hk is the value of h for the kth locus.) (8), 
and contingency chi-square analysis goodness-of-fit for Hardy-Weinberg expectations. 
Modified Rogers' genetic distances (10) were also calculated between all populations. The 
relationship among populations was then investigated by constructing a phenogram using the 
unweighted pair group method with arithmetic averages (UPGMA) of the PHYLIP software 
package (version 3.7) (2,3). 
To examine how asexual and sexual reproductions contribute to the rust epidemic, I 
followed the guidelines given by Hebert et al. ( 4 ), based on the departures from Hardy-
Weinberg expectations. First, I calculated the mean negative log10 transformed probabilities 
(Pi) of each chi-square value over three loci for deviation from Hardy-Weinberg expectation 
for each population. The individual-locus chi-square test contrasts the occurrence of the 
observed genotypic array against a sexual population with the same gene frequencies. Sexual 
populations are expected to have high probabilities of the occurrence of the observed 
genotypic arrays, thus giving low values of -log10(Pi), while asexual populations should have 
deviant arrays with lower probabilities and high values of -log10(Pi). Second, the genotypic 
diversity ratio (GDR) was calculated as the ratio of the number of observed genotypes to the 
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number of possible genotypes expected in a sample of the same size, assuming independent 
segregation of the loci ( 4,5). In each sample, the allele frequencies were used to generate the 
mean expected number of genotypes from 100 repeated samples using a computer program 
(6) written in S-Plus (MathSoft Inc., Seattle, Washington). In an asexual population, a low 
GDR is expected, whereas for a sexual population, the GDR should be close to unity. 
Population structure was estimated based on the variance in alleles, both with all sampled 
individuals and with unique genotypes only ( counting each genotype only once in a 
population). Partition of total variance into subdivided populations was performed by 
analysis of molecular variance (AMOV A) (1) on the Euclidean distances using ARLEQUIN 
1.1 software ( 12). The significance of the variance components associated with different 
levels of genetic structure was tested using non-parametric permutation procedures. 
RESULTS 
In 1998, the first appearance of uredinial pustules at the coal pile was on 16 July (Table 
1 ). Fifteen single uredinial isolates were obtained from uredinia collected on 21 July. 
Microsatellite analysis revealed an average gene diversity for the three loci of 0. 71 (Table 1) 
and 10, 8 and 4 alleles at CAT30, CAA57 and CAGJ 1, respectively (Tables 2-4). Ten unique 
genotypes were detected (GDR ratio= 0.665), and -log10(Pi) was 3.72 (Table 1), indicating a 
significant deviation from Hardy-Weinberg genotypic expectations. 
In 1999, the first appearance ofuredinial pustules was on 24 June. From the 20 pustules 
collected on 19 July, average gene diversity was 0.58 (Table 1), and 5, 4 and 3 alleles were 
found at CAT30, CAA57 and CAGJ 1, respectively (Tables 2-4). Eight unique genotypes 
were detected (GDR ratio= 0.442), and -log1o(Pi) was 5.0 (Table 1 ), indicating a significant 
deviation from Hardy-Weinberg genotypic expectations. 
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From the 162 pustules collected on 8 August 1999, average gene diversity was 0.65 
(Table 1 ), and 9, 9 and 7 alleles were found at CAT30, CAA57 and CAG 11, respectively 
(Tables 2-4). Fifty-five unique genotypes were found (GDR ratio= 0.413). The value of 
-/og1o(Pi) was greater than five (Table 1 ). 
From the 162 pustules collected on 10 October 1999, average gene diversity was 0.70 
(Table 1), and 12, 9 and 8 alleles were found at locus CAT30, CAA57 and CAGl 1, 
respectively (Tables 2-4). Eighty-six unique genotypes were found (GDR ratio= 0.604). 
The value of -log10(Pi) was 3 .52 (Table 1 ), indicating a significant deviation from Hardy-
Weinberg expectations. 
For the samples collected in August and October 1999, a total of 155 unique genotypes 
were detected, with 18 genotypes shared between them. Although there were more alleles 
and more unique genotypes in the October sample, allele frequencies and gene diversities 
from the two sampling dates were similar (Tables 1-4). Gene diversity between the 
populations at the two dates was 0.008, and most variation(> 95%) was found within 
populations (Table 5). The AMOV A test, both with all individuals included and with only 
unique genotypes, confirmed that there was no significant difference between the two 
sampling dates (Table 5). No significant difference among branches was detected in the 
August or October populations (Table 6). Significant differences among trees and among 
individuals within branches were detected in the 8 August sampling but not in 10 October 
sampling. 
Three-month larch seedlings placed under poplar trees on 15 April 2000, after a warm 
and humid week, became infected, with pycnia formed on the top needles of all seedlings. 
Seedlings placed 50 m away on 15 April developed light infections (pycnia formed on only a 
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few seedlings), and seedlings placed 100 m away did not develop pycnia. Fewer pycnia 
developed on seedlings placed under the poplar trees the following two weeks, and no 
seedlings placed at 50 m or 100 m away developed pycnia. No pycnia formed on larch 
seedlings placed on the site from 14 May to 11 June. Aecia formed 3-4 days after 
spermatization of pycnia. Urediniospores were produced on poplar leaves after being 
inoculated with aeciospores from the infected larch seedlings. Microscopic observation 
confirmed that the fungus was M medusae based on the size (23-31 X 16-21 µm), the shape, 
and the equatorial bald spot of the urediniospores (9, 18). 
The aecia population was highly diverse, with 8, 10 and 8 alleles at locus CAT30, CAA57 
and CAGll, respectively (Tables 2-4). Average gene diversity was 0.77 (Table 1). Forty-
four unique genotypes were detected from the 45 samples (GDR ratio= 0.993). The value of 
-log10(Pi) was 1.09, indicating that the aecial population was in Hardy-Weinberg equilibrium. 
In 2000, the first appearance of uredinial pustules was on 8 August. From a total of 106 
samples collected on 19 August, 9, 11 and 7 alleles were found at locus CAT30, CAA57 and 
CAGJ 1, respectively (Tables 2-4). Average gene diversity was 0.71 (Table 1). Fifty-two 
unique genotypes were detected (GDR ratio= 0.504). The value of -/og10(Pi) was greater 
than five. 
All populations were very similar to each other, with low gene diversities between 
populations (from 0.008 to 0.122, Table 7). Contingency chi-square analysis revealed 
significant deviations from Hardy-Weinberg equilibrium for all uredinial populations, while 
the aecia population was in H-W equilibrium (Table 8). After removal of identical genotypes 
(only unique genotypes included in the analysis), all the populations were in H-W 
equilibrium (Table 8). Nested AMOV A ( calculated both with all genotypes and with only 
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unique genotypes at the subpopulation level) confirmed that most(> 95%) of the total genetic 
diversity was attributable to the diversity within subpopulations (Table 9). However, there 
was a slight but significant differentiation among populations from different sampling dates 
(Table 9). 
The UPGMA cluster analysis based on modified Rogers' distances (Fig. 1) suggests that 
uredinia samples from the four trees in 2000 were similar to each other but different from 
other populations. The 2000 uredinial samples were not closely related to the 2000 aecial 
samples collected earlier in the season. The other uredinial subpopulations sampled in 1998 
and 1999, and the 2000 aecial population, showed little clear relationship to each other. 
DISCUSSION 
The rust epidemic in Ames started relatively early in 1998, it was very early in 1999, and 
it was relatively late in 2000, a year with a relatively dry summer. In 1999, the greatest 
proportion of unique genotypes, the greatest GDR ratio and the highest level of gene 
diversity were found in the last sampled population, and the initial 1999 population had the 
least genetic diversity. The data suggest that the initial 1999 population was relatively 
uniform, of a limited number of genotypes, and that immigration of new genotypes 
contributed to greater genetic diversity in the population as the season progressed. However, 
the populations seemed to be closely related to each other during the season, most variation 
was within the populations, and inter-population gene diversities were very low. 
The 2000 aecial population (from the overwintered 1999 poplar leaves) possessed a large 
number of unique genotypes, high gene diversity, and high genotypic frequency, congruent 
with Hardy-Winberg expectations. This would be expected from a population sampled 
immediately following meiosis. In contrast, all uredinial populations showed large Hardy-
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Weinberg deviations, contained relatively few unique genotypes, and had low GDR values, 
all of which are consistent with a largely asexual population. 
However, little evidence was found for the existence of obligately asexual populations, 
and the relatively low GDR in the two early populations in 1999 might have other 
explanations, such as sampling bias. Deviations from Hardy-Weinberg equilibrium were not 
found when only unique genotypes were analyzed. This would suggest that the genetically 
identical uredinia originated from a common asexual lineage, thus violating H-W 
assumptions. Asexual populations typically consist of only a few multiple-locus genotypes 
and show excess or fixed heterozygosities at several loci. The intermediate GDR ratios 
detected in the 1998-2000 uredinial populations suggest that the rust populations in Ames are 
the result of both asexual and sexual reproduction. The high gene diversities in all the 
populations indicate that the purported once-yearly sexual cycle is sufficient to maintain high 
levels of genetic variation. The earliest sampling of uredinia in 1998, 1999 and 2000 showed 
substantially less diversity than did the 2000 aecial population. It is also noteworthy that the 
infections of larch seedlings were before 14 May 2000, but no uredinia were noted until 8 
August 2000, nearly 3 months later. Also, the 2000 uredinia samples were closely related to 
each other but not to the 2000 aecia samples. Further, I was unable to find aecia on planted 
L. decidua in Ames, Iowa in 1999 or 2000. 
The question about the initial inoculum for rust epidemics in Iowa can not be fully 
answered by this study. It is still not clear if there is substantial reproduction on alternate 
hosts south of the natural range of eastern larch. Larch planted as ornamental trees in the 
south has been found to be capable of becoming infected by basidiospores (13). Although 
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my data show that aeciospores can be produced early in the season in Iowa, such inoculum 
may not be contributing greatly to the epidemics on poplars. 
Our initial conclusion is that ornamental plantings of larch provide a potential for local 
overwintering of inoculum and early onset of the epidemic in years when early summer 
conditions are suitable for infection, such as in 1998 and 1999. For massive plantings of P. 
deltoides in areas south of natural larch, such ornamental plantings may lead to the instability 
of single gene resistance because of i) the potential early onset of epidemics and the rapid 
buildup of the pathogen population, ii) a more genetically diverse population with a greater 
potential for the evolution of virulent races, and iii) local year-to-year selection of virulent 
races. In the absence of ornamental and natural larch, it may be safe to deploy single gene 
resistance in Iowa, even on a large scale. 
LITERATURE CITED 
1. Excoffier, L., Smouse, P., and Quattro, J. 1992. Analysis of molecular variance inferred 
from metric distances among DNA haplotypes: application to human mitochondrial DNA 
restriction data. Genetics 131:479-491. 
2. Felsenstein, J. 1989. PHYLIP -- Phylogeny Inference Package (Version 3 .2). Cladistics 
5: 164-166. 
3. Felsenstein, J. 1993. PHYLIP (Phylogeny Inference Package) version 3.5c. Distributed 
by the author. Department of Genetics, University of Washington, Seattle. 
4. Hebert, P. D. N., and Ward, R. D., and Weider, L. 1988. Clonal-diversity patterns and 
breeding system variation in Daphnia pulex, an asexual-sexual complex. Evolution 
42:147-159. 
42 
5. Hebert, P. D. N., and Wilson, C. S. 1994. Provincialism in plankton: endemism and 
allopatric speciation in Australian Daphinia. Evolution 48:1333-1349. 
6. Hoffmann, R. J. 1986. Variation in contributions of asexual reproduction to the genetic 
structure of populations of the sea anemone Metridium senile. Evolution 40:357-365. 
7. McCracken, F. I., Schipper, A. L., and Widin, K. D. 1984. Observations on occurrence of 
cottonwood leafrust in central United States. Eur. J. For. Pathol. 14:226-233. 
8. Nei, M. 1978. Estimation of average heterozygosity and genetic distance from a small 
number of individuals. Genetics 89:583-390. 
9. Newcombe, G., and Chastanger, G. A. 1993. A leaf rust epidemic of hybrid poplar along 
the lower Columbia River caused by Melampsora medusae. Plant Dis. 77:528-531. 
10. Rogers, J. S. 1972. Measures of genetic similarity and genetic distance. Studies in 
genetics VII. pp.145-153. Publication 7213. University of Texas, Austin, TX. 
11. Schipper, A. L. Jr., and Dawson, D. H. 1974. Poplar leaf rust: a problem in maximum 
wood fiber production. Plant Dis. Rep. 58:721-723. 
12. Schneider, S., Klueffer, J. M., Roessli, D., and Excoffier, L. 1997. Arlequin, Version 1. 1: 
A software for population genetic data analysis. Genetics and Biometry Laboratory, 
University of Geneva, Switzerland. 
13. Shain, L. 1988. A search for aecial hosts of Melampsora medusae among some conifers 
grown in the eastern United States. Plant Dis. 72:904-906. 
14. Swofford, D. L., and Selander, R. B. 1981. BIOSYS-1: a FORTRAN program for the 
comprehensive analysis of electrophoretic data in population genetics and systematics. J. 
Hered. 72:281-283. 
43 
15. Toole, R. E. 1967. Melampsora medusae causes cottonwood rust in lower Mississippi 
valley. Phytopathology 57:1361-1362. 
16. Walker, J., Hartigan, D., and Bertus, A. L. 1974. Poplar rusts in Australia with comments 
on potential conifer hosts. Eur. J. For. Pathol. 4: 100-118. 
17. Widin, K. D., and Schipper, A. L. Jr. 1980. Epidemiology of Melampsora medusae leaf 
rust of poplars in the north central United States. Can. J. For. Res. 10:257-263. 
18. Ziller, W. G. 1974. The tree rusts of western Canada. Page 272 in: Can. For. Service 
Publ. 1329. 
TABLE 1. The date of first appearance of Melampsora medusae on poplar, sample dates, spore stages, number of unique 
genotypes over three loci, genotypic diversity ratio (GDR) with standard deviation (SD), the average of logarithms of probability 
of deviation from Hardy-Weinberg equilibrium, and gene diversity (average heterozygosity). 
Onset of 
Epidemic 
16 July 98 
24 June 99 
8 August 00 
Sample Date 
21 July 98 
19 July 99 
8 August 99 
10 October 99 
22 April 00 
19 August 00 
Number of 
Pustules 
Spore Stage Sampled 
uredinia 15 
uredinia 20 
uredinia 162 
uredinia 162 
aecia 45 
uredinia 108 
No. of Nei's Gene 
Unique Diversity 
Genotypes GDR± SD -log(Pi) (He) 
10 0.665 ± 0.017 3.72 0.71 
8 0.442 ± 0.032 >5 0.58 
66 0.413 ± 0.025 >5 0.65 
87 0.604 ± 0.021 3.52 0.70 
44 0.993 ± 0.039 1.09 0.77 
52 0.504 ± 0.022 >5 0.71 
TABLE 2. Allele frequencies at CAT30 in samples of Melampsora medusae on six sampling dates. 
alleles 
Sampling dates A-190a C-199 D-202 E-205 F-208 G-211 H-214 1-217 J -220 K-223 L-226 M-229 P-247 
21 Jul 98 0.000 0.297 0.033 0.033 0.033 0.233 0.133 0.033 0.100 0.100 0.000 0.000 0.033 
19 Jul 99 0.000 0.375 0.225 0.050 0.000 0.175 0.175 0.000 0.000 0.000 0.000 0.000 0.000 
8 Aug 99 0.000 0.378 0.123 0.080 0.000 0.150 0.194 0.036 0.009 0.009 0.021 0.000 0.000 
10 Oct 99 0.003 0.306 0.142 0.068 0.006 0.228 0.090 0.049 0.006 0.000 0.086 0.003 0.006 
15 Apr 00 0.000 0.244 0.111 0.067 0.000 0.322 0.122 0.000 0.000 0.022 0.089 0.000 0.022 
19 Aug 00 0.014 0.301 0.009 0.028 0.000 0.190 0.139 0.222 0.000 0.005 0.093 0.000 0.000 
a Numbers indicate the length of the PCR product (bp). 
+a-
+a-
TABLE 3. Allele frequencies at CAA57 in samples of Melampsora medusae on six sampling dates. 
alleles 
Sampling dates A-280a B-283 D-289 E-292 F-298 G-301 H-307 I -310 J -313 K-316 M-319 N-325 0-340 
21 Jul 98 0.000 0.033 0.433 0.000 0.033 0.100 0.067 0.000 0.133 0.167 0.033 0.000 0.000 
19 Jul 99 0.000 0.075 0.400 0.000 0.000 0.000 0.000 0.000 0.100 0.425 0.000 0.000 0.000 
8 Aug 99 0.075 0.120 0.459 0.000 0.003 0.041 0.010 0.000 0.050 0.003 0.239 0.000 0.000 
10 Oct 99 0.043 0.099 0.392 0.000 0.000 0.077 0.019 0.000 0.093 0.000 0.272 0.003 0.003 
15 Apr 00 0.100 0.089 0.400 0.011 0.000 0.033 0.022 0.000 0.133 0.044 0.133 0.033 0.000 
19 Aug 00 0.065 0.121 0.473 0.037 0.056 0.065 0.037 0.010 0.023 0.000 0.111 0.000 0.005 
a Numbers indicate the length of the PCR product (bp). 
TABLE 4. Allele frequencies at CAGJ 1 in samples of Melampsora medusae on six sampling dates. 
alleles 
Sampling dates A-268a B-274 C-277 D-280 E-283 F-286 G-289 H-295 
.j::,. 
21 Jul 98 0.000 0.400 0.050 0.033 0.000 0.517 0.000 0.000 Vl 
19 Jul 99 0.025 0.150 0.000 0.000 0.000 0.825 0.000 0.000 
8 Aug 99 0.012 0.404 0.009 0.000 0.028 0.531 0.012 0.003 
10 Oct 99 0.006 0.336 0.019 0.006 0.009 0.586 0.009 0.028 
15 Apr 00 0.056 0.300 0.000 0.011 0.089 0.511 0.022 0.033 
19 Aug 00 0.000 0.459 0.060 0.005 0.033 0.282 0.042 0.060 
a Numbers indicate the length of the PCR product (bp). 
TABLE 5. AMOVA to compare populations of Melampsora medusae collected on 8 August and 10 October 1999 using all 
genotypes and unique genotypes only. 
Source of variation 
Degree of 
freedom 
Sum of squared 
deviation 
Variance 
com_12onents 
Proportion of variance 
com2onents _(o/tl 
All genotypes Among sampling dates 
Among trees 
Within trees 
1 
10 
636 
3.787 
25.324 
645.574 
0.004 
0.028 
1.016 
0.37 
2.68 
96.95 
Unique Among sampling dates 1 1.650 0.004 0.32 
genotypes only Among trees 10 10.117 0.002 0.20 
Within trees 372 401.765 1.080 99.48 
a P-value is for the null hypothesis that there is no significant variation within that level based on 1023 permutations. 
TABLE 6. AMOVA of two populations of Melampsora medusae collected on sampling dates in1999. 
Sampling Degree of Sum of squared Variance Proportion of variance 
dates Source of variation freedom deviation components components (%) pa 
8 August Among trees 5 17.549 0.045 4.34 < 0.001 
Among branches 12 12.944 0.005 0.50 0.273 
Within branches 306 301.722 0.986 95.16 < 0.001 
10 October Among trees 5 7.281 0.009 0.88 0.057 
Among branches 12 11.463 0.005 0.50 0.684 
Within branches 306 321.444 1.050 98.68 0.333 
a P-value is for the null hypothesis that there is no significant variation within that level based on 1023 permutations. 
pa 
0.192 
< 0.001 
< 0.001 
0.143 
0.649 
0.504 
.i::::.. 
0\ 
I:........=.... 
TABLE 7. N ei' s gene diversities among samples of Melampsora medusae collected on different dates. 
Sampling dates _21 July 98 19 July 99 8 August 99 10 October 99 22 April 00 19 August 00 
21 July 98 0 
19 July 99 0.053 0 
8 August 99 0.025 0.070 0 
10 October 99 0.026 0.065 0.008 0 
22 April 00a 0.019 0.062 0.017 0.011 
19 August 00 0.035 0.122 0.027 0.035 
a All samples were uredinial, except for the aecial samples of 22 April 2000. 
0 
0.033 0 
TABLE 8. Contingency chi-square values for departure from Hardy-Weinberg equilibrium for each locus with all genotypes 
included or only unique genotypes. 
All genoty_2es included Unique genotypes only 
Sampling dates CAT30 CAA57 CAG 11 CAT30 CAA57 CAGll 
21 July 98 18.65*a 16.21 * 15.33* 13.10 11.26 9.83 
19July99 16.96** 15.62** 12.11** 7.88 6.58 5.12 
8 August 99 152.31 ** 113.52** 47.54* 42.23 35.66 25.78 
10 October 99 108.10** 56.82* 52.11 * 42.16 40.10 34.21 
22 April 00 10.22 9.13 6.70 10.01 8.92 6.56 
19 August 00 50.99** 97.23** 35.54* 25.92 40.29 21.25 
a* indicates significant departure from H-W equilibrium at P = 0.05; ** indicates significant departure from H-W equilibrium at P 
= 0.01. 
.+::,. 
-.J 
TABLE 9. AMOVA of Melampsora medusae uredinial populations collected in 1998, 1999 and 2000. 
Sum of Proportion of 
Degrees of squared Variance vanance 
Source of variation freedom deviation components components (%) pa 
With all Among sampling dates 4 26.224 0.018 1.70 < 0.01 
genotypes Among trees 13 32.245 0.027 2.49 < 0.001 
Within trees 1005 1036.311 1.031 95.81 < 0.001 
Unique Among sampling dates 4 8.754 0.006 0.53 < 0.01 
genotypes only Among trees 13 15.325 0.003 0.25 0.276 
Within trees 615 671.966 1.093 99.22 0.078 
a P-value is for the null hypothesis that there is no significant variation within that level based on 1023 permutations. 
.j:::. 
00 
U3-Aug.99 
Aecia-Apr.00 
US-Aug.99 
Ul-Aug.99 
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U3-Oct.99 
0.1 
U3-Aug.00 
U4-Aug.00 
U2-Aug.99 
U4-Oct.99 
Fig. 1. UPGMA analysis of modified Rogers' genetic distance calculated from an aecial 
(Aecia) population or from uredinial (U) populations on six individual trees (second digit) 
collected in 1998, 1999 and 2000. 
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CHAPTER 4. GENETIC DIVERSITY OF POPLAR LEAF RUST 
POPULATIONS IN MINNESOTA, IOWA AND MISSOURI 
A paper to be submitted to Phytopathology 
Wei Chen and Thomas C. Harrington 
ABSTRACT 
Poplar leaf rust caused by Melampsora medusae f. sp. de/to ides is a potentially important 
disease in plantations of Populus deltoides. Sexual recombination of M medusae is on the 
alternate host, tamarack ( eastern larch, Larix laricina (Du Roi) K. Koch), which is native to 
the Great Lakes region and further north. It is hypothesized that the epidemics on poplar 
begin with aeciospores from larch, and that the fungus spreads south on poplar as the 
repeating uredinial stage. To test this hypothesis, we investigated the degree of genetic 
differentiation among geographically distant populations of poplar leaf rust in the North 
Central United States using the microsatellite markers CAT30, CAA57, and CAGJ 1. Nine 
uredinial populations were sampled from three states (Minnesota, Iowa, Missouri) during the 
early stage of the 1999 epidemic. Allele frequencies were estimated at the three 
microsatellite loci by scoring the length of amplified fragments from single uredina. The two 
populations with the highest gene diversity, the highest level of heterozygosity, and the 
greatest number of unique genotypes were within the natural geographic range of larch. 
Lower levels of gene diversity and fewer unique genotypes were found in the seven 
populations south of the natural range of larch. Two populations in Missouri had particularly 
low levels of genetic diversity. Some southern populations departed significantly from 
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Hardy-Weinberg equilibrium. Analysis of molecular variance (AMOV A) revealed that most 
genetic variation occurred within subpopulations (96.85%, P < 0.001), whereas low but 
statistically significant levels of genetic differentiation were also observed among 
populations (2.29%, P < 0.001). Rust epidemics in Minnesota appeared to begin later than 
those in Iowa. The data suggest that sexual reproduction on larch contributes to high genetic 
diversity, and extensive gene flow homogenizes the differentiation among populations. 
Additional keywords: Melampsora medusae, gene flow, microsatellite makers. 
Melampsora medusae Thum f. sp. deltoides, causal agent of poplar leaf rust on Populus 
deltoides and its hybrids (1,29), is endemic to the eastern United States. It has been 
introduced into most areas where Populus is planted, such as Australia (27), France (14), 
New Zealand (26), South Africa (25) and the western United States (12). Melampsora leaf 
rust is a potentially important disease in plantations where poplar clones are planted at 
narrow spacing. Severe rust early in the season can lead up to 60% yield loss (27). 
Melampsora medusae is an obligate, macrocyclic pathogen. It has a complex life cycle 
that consists of five spore stages on two unrelated hosts (32). Meiosis within dikaryotic 
teliospores on overwintered leaves of Populus spp. results in the formation of monokaryotic, 
haploid basidiospores. Basidiospores are disseminated by wind to the alternate host (Larix 
spp.), where pycnia and spermatia form on needles. Receptive hyphae of the pycnia are 
fertilized by spermatia of opposite mating type, and dikaryotic aeciospores are then produced 
on the needles. Aeciospores may be dispersed by wind over long distances to infect poplar 
leaves. The repeating uredinial stage takes place on poplar leaves during the growing season, 
and telia form in the late season. Diploidization and meiosis occur in the spring. 
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The most common alternate host of M medusae, eastern larch (Larix laricina (Du Roi) 
K. Koch), is native to the Great Lakes region and further north. In most areas of the United 
States, only the poplar is present. Presumably, greater genetic diversity is to be expected in 
northern regions because of the once annual sexual recombination on larch, while asexual 
reproduction should lead to less diversity in the south (Chapter 3). However, long-distance 
spore dissemination may provide high levels of gene flow and reduce differentiation. 
Information concerning the population genetics and epidemiology of M medusae is 
important for disease management, especially for intensively managed monoclonal 
plantations. Resistance is still the most efficient strategy to control this disease. However, 
the long-distance spore dissemination and potential adaptive ability of the pathogen cannot 
be underestimated. Melampsora medusae is comprised of forma speciales, races and 
pathotypes (15, 19,20). Earlier studies indicated that the wide variation in resistance to poplar 
leaf rust among clones and families of Populus species is often associated with the origin of 
the host genotype. A Populus progeny test in Wooster, Ohio revealed that families of eastern 
cottonwood derived from natural stands in Missouri and Illinois were more resistant to 
Melampsora leaf rust than were those from Ohio, Pennsylvania, and Indiana (24). Similar 
results were also reported in western Kentucky, where isolates of M medusae f. sp. deltoides 
from the South had broader adaptation and were more virulent on local southern host 
genotypes of P. deltoides than were isolates from the north (10). In order to develop sound 
genetic control against this disease, a better understanding of the population genetics of M 
medusae is needed. 
My research was initiated to improve our understanding of poplar leaf rust epidemiology. 
The hypothesis to be tested is that the epidemics south of the larch zone may result from 
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annual spread of urediniospores from northern areas where the rust can complete its life 
cycle. To test this hypothesis, microsatellite variation was used to study the population 
structure of poplar leaf rust in the North Central United States. 
MATERIALS AND METHODS 
Sampling. A total of nine locations (Fig. 1) in three states (Minnesota, Iowa and 
Missouri) were sampled from natural Populus stands at the early stages of the 1999 
epidemics. Among the nine locations, the two most northern (MNd and MNt) were within 
the natural range of larch and within 1 km of mature larch trees. Samples were collected 
from three different sites at least 1 km apart from each other at each location. At each site, 
three diseased leaves were collected from each of three trees, which were at least 5 m apart. 
Individual uredinial pustules ( one pustule per leaf) were cut out of the air-dried leaves with a 
sterile scalpel and placed into 1.5 ml Eppendorf microtubes. All samples were stored at -80 
°C until DNA extraction. 
I attempted to sample as close to the onset of the epidemic as possible. However, the 
onset and development of epidemics differed greatly among locations. Disease severity at 
the time of sampling was crudely estimated as low ( only a few leaves were infected), 
moderate (most leaves infected), and heavy (all leaves infected). 
Allele determination. DNA extraction from single uredinia and amplification 
procedures were as described (Chapter 2). The sizes of the PCR products were determined 
by polyacrylamide gel electrophoresis and GeneScan analysis at the Iowa State University 
DNA Sequencing and Synthesis Facility. 
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Analysis. For population studies, samples from different locations are considered as 
different populations, and the three different sites per location were considered 
subpopulations. 
Data were analyzed with BIOSYS-2 (23) and ARLEQUIN 1. 1 (17) software packages. 
Allelic and genotypic frequencies were estimated for each sample. Gene diversities (Nei's 
expected heterozygosity) were also calculated (13). Departure from Hardy-Weinberg 
expectation was tested for each locus using a two-by-two contingency chi-square analysis. 
With the co-dominant microsatellite data and known gametic phase, nonrandom association 
of haplotypes into individuals was also tested by using a modified version of the Markov-
chain random walk algorithm (9). 
Genetically identical uredinia at a single subpopulation were assumed to have originated 
from a common asexual lineage, thus violating H-W expectations (Chapter 3). Data were 
thus corrected by counting each genotype in a population only once. Population structures 
were determined on the basis of all genotypes, and alternatively, on the basis of only unique 
genotypes in subpopulations. Modified Rogers' distance ( 16) was measured between all pairs 
of populations using unique genotypes only. Genetic distances between populations were 
then investigated by constructing a phenogram using the unweighted pair group method with 
arithmetic averages (UPGMA) in the PHYLIP software package (version 3.7) (7,8). 
Partition of total variance by using Wright's F statistics estimated by the method of Weir 
and Cockerhan (28) and analysis of molecular variance (AMOVA) (6) on Euclidean 
distances were performed using ARLEQUIN 1. 1 (17). The significance of the variance 
components associated with different levels of genetic structure was tested using non-
parametric permutation procedures. Alternative estimate of Fsr value was also calculated by 
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the private allele method (2,21 ). According to Wright (31 ), for selectively neutral alleles, the 
relationship between FsT, local population size N, and average rate of immigration m is FsT::::: 
(1 + 4 Nmr 1• This equation can be turned round and solved for Nm, the mean number of 
reproducing immigrants per population per generation (22). 
RESULTS 
In 1999, uredinia pustules on poplar leaves were first noticed in Ames on 24 June, the 
epidemic developed quickly in July, and the epidemic was well advanced by 1 August. In 
most other locations, the epidemics were not apparent until the middle of August (Fig. 1 ). 
The two populations (MNd and MNt) near natural larch stands in Minnesota started late in 
the season; the most northerly epidemic (MNd) had just barely begun by 26 August (Fig. 1 ). 
The microsatellite markers proved highly polymorphic with fifteen, fifteen and eight 
alleles at CAT30, CAA57 and CAGJ 1, respectively. There was a high level of genotypic 
diversity, with 174 genotypes observed among the 243 samples. Twenty-five genotypes 
appeared more than once. Of the 25 genotypes, only three genotypes were shared among 
populations (locations), five were shared among subpopulations (sites), the rest were shared 
only within subpopulations. Northern populations generally had more alleles and more 
unique genotypes than did southern populations (Tables 1-3, Fig. 2). In the northern most 
population (MNd), each uredinium sampled was genetically unique. Southern populations 
had relatively fewer alleles and fewer unique genotypes. Two subpopulations in Missouri 
were fixed, with only one genotype present. 
Based on chi-square analysis, the two most northerly populations as well as one of the 
southern populations (MOa) were consistent with populations at H-W equilibrium. Some 
southern populations, including the southern Minnesota population (MNa), departed 
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significantly from Hardy-Weinberg equilibrium (Table 4). Two populations in Iowa were 
under H-W equilibrium when tested with all three loci but deviated from H-W equilibrium 
for at least one locus when the loci were tested separately. After elimination of identical 
genotypes from subpopulations, all the populations were in H-W equilibrium (Table 4). 
Expected heterozygosities averaged over all loci, also called gene diversities (13), were 
variable among nine populations, with values ranging from 0.550 to 0.797 (calculated with 
all individuals, Table 5). Northern populations had higher gene diversities than southern 
populations. The greatest gene diversity was found in northern Minnesota, within the natural 
range of larch. Both low and high gene diversities were found in the southern populations. 
Gene diversities for most populations were relatively higher when calculated with unique 
genotypes only (Table 5), and the gene diversities were significantly higher for two Missouri 
populations after elimination of identical genotypes (MOt: P = 0.018; MOe: P = 0.010). 
Even after removal of identical genotypes, however, the southern populations tended to have 
lower gene diversities than the northern populations (Table 5). 
The among population variance parameter, FsT, can serve as a measure of genetic 
distance among populations. The low FsT values (Table 6) for each of the three loci as 
calculated according to Weir and Cockerham indicate that there was a little genetic 
differentiation among populations. The FsT value (Table 6) estimated by the private allele 
method was higher than that calculated by the Weir and Cockerham method. However, 
converting FsT to estimates of mean numbers of reproducing immigrants (nm) per population, 
both calculations suggest considerable gene flow (Weir and Cockerham method: an overall 
mean eight reproducing migrants per generation; private allele method: five migrants per 
generation). 
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Partition of population variation in a nested AMOVA (Table 7) showed that total genetic 
diversity was mostly (97%) attributable to within subpopulations. However, the analysis also 
revealed a low (2.3%), but significant, level of genetic diversity among populations. No 
significant differences were found among subpopulations within populations. 
The UPGMA cluster analysis of modified Rogers' distances among populations (Fig. 3) 
and subpopulations did not reveal clear geographic components, except that the three 
subpopulations from the West Alton, Missouri population were related to each other (Fig. 4). 
DISCUSSION 
The data presented here suggest that aeciospores serve as initial inoculum for the 
northern epidemics, while urediniospores appear to provide a greater contribution to the 
initial inoculum in more southerly populations. Similar to the results presented in Chapter 3, 
there were considerable differences between the genetic structure of the asexual and sexual 
populations. Uredinial populations putatively derived directly from sexual recombination 
(two of the Minnesota populations) had higher gene and genotypic diversity than did the 
other populations and were in H-W equilibrium. 
Most southern populations also had high diversities but were not in H-W equilibrium. 
Overall gene and genotypic diversities were very high, which indicate that sexual 
reproduction is taking place early in the season. Continuously asexual reproduction leads 
populations to lose genetic variation because of drift. For rust fungi with both sexual and 
asexual reproduction, a once-yearly cycle of sexual reproduction is apparently sufficient to 
maintain diversity in subsequent uredinial populations ( 4, Chapter 3). 
The long-distance dissemination capacity of urediniospores to maintain high genetic 
diversity can not be underestimated. Although gene diversities were high for most of the 
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populations, genetic differentiation among populations was very low, which indicates there 
was extensive gene flow among populations. Gene flow through long-distance transport of 
urediniospores is well documented for many rust fungi. A single-jump, long-distance spread 
of Melampsora larici-populina and M medusae urediniospores was indicated by 
circumstantial evidence in New Zealand (26,30). But the direction of gene flow for 
Melampsora poplar leaf rust in the United States is not clear. According to spore trapping 
studies (29), epidemics of poplar leaf rust in the North Central United States started earlier in 
the north than in the south, and aeciospores were detected only at a Wisconsin site. Another 
spore trap study (11) across a broader area found there was also a yearly progress of 
urediniospores from south to the north, and the urediniospores in the south were detected at 
the same time as aeciospores were found in the north. In our study, it appears that the 
epidemics in Iowa and Missouri started before the Minnesota epidemics both in 1998 
( Chapter 3) and 1999. 
Northern populations had higher average gene diversities and higher numbers of alleles, 
which are consistent with a previous study (3) that investigated the population structure of 
poplar leaf rust in eastern North America. The three subpopulations at West Alton were 
genetically related to each other, and the relatively high diversity there suggests there was a 
rather localized source of initial inoculum that was genetically diverse, perhaps recently 
derived from an aecial population, perhaps from Wisconsin of ornamental larch nearby. We 
suspect that planted Larix and Pseudotsuga species are providing a means of overwintering 
for M medusae in some location, and this contributed to the early onset of the epidemics in 
West Alton in 1999. Such isolated locations may later provide sources of urediniospores for 
more widespread dispersal and later initiations of epidemics. 
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Larch exposed to natural basidiospore inoculum in Ames was heavily infected early in 
the season (April 2000), and this aecial population was very high in genetic diversity 
(Chapter 3). Aeciospores from ornamental Larix species have been found in Kentucky at a 
considerable distance south of the natural range oflarch (18). Nonetheless, we closely 
inspected ornamental larch in Ames in the spring of 1999 and 2000 and found no aecia. 
More extensive studies in Ames from 1998 to 2000 (Chapter 3) also suggested that the 
aeciospores produced early in the season in Iowa may not be contributing greatly to the 
epidemics on poplars. 
The data are complicated and difficult to interpret, but they suggest that stands of poplars 
near native larch in Minnesota were infected late in the season and are not initial sources of 
inoculum for the Iowa epidemics, which appear to start from a somewhat genetically limited 
population of urediniospores. It is possible that poplars near larch stands in Wisconsin are 
more important sources of urediniospres in Iowa and Missouri. Thus, it is not clear if the 
very first spores in Missouri and Iowa come in the form of aeciospores from ornamental 
larch or Douglas-fir, in the form of urediniospores from northern locations like Wisconsin, or 
if urediniospores can survive the winter in this area or further south (5). Presence of the 
alternate host, larch, can clearly contribute to the genetic diversity of the population, though 
it is apparent that many cycles of asexual reproduction (uredinial stage) have taken place 
before the rust population is at a noticeable level in areas distant from natural larch stands. 
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Fig. 1. Distribution of the nine 1999 sampling sites for Melampsora medusae populations. 
Each population is identified by the state abbreviation and the first letter of the city or area 
(MN-Minnesota: d-Dalbo State Wildlife Management Area, t-Twin Cities near Minnesota 
River, a-Albert Lea; IA-Iowa: j-Jewell, a-Ames, p-Polk City; MO-Missouri: t-Ted Shanks 
Conservation Area, e-Eagle Bluffs Conservation Area, a-West Alton near Mississippi River). 
Sample date (month/day) and disease severity (H-heavy; M-moderate; L-low) are given in 
parentheses. 
TABLE 1. Allele frequencies at CAT30. 
Sample alleles 
Populations sizes A-190a B-196 C-199 D-202 E-205 F-208 G-211 H-214 1-217 J-220 K-223 L-226 M-229 N-232 0-247 
MNd 27 0.056 0.000 0.278 0.000 0.019 0.000 0.241 0.185 0.056 0.037 0.000 0.130 0.000 0.000 0.000 
MNt 27 0.037 0.019 0.407 0.037 0.056 0.019 0.185 0.056 0.056 0.000 0.000 0.093 0.037 0.000 0.000 
MNa 27 0.000 0.000 0.426 0.000 0.130 0.000 0.130 0.074 0.111 0.056 0.000 0.056 0.000 0.019 0.000 
IAj 27 0.019 0.000 0.296 0.037 0.056 0.000 0.185 0.093 0.130 0.019 0.000 0.148 0.000 0.000 0.019 
IAa 27 0.037 0.000 0.259 0.074 0.093 0.000 0.296 0.093 0.056 0.019 0.019 0.056 0.000 0.000 0.000 
IAp 27 0.000 0.000 0.259 0.019 0.037 0.019 0.315 0.037 0.167 0.000 0.000 0.056 0.074 0.000 0.019 
MOt 27 0.000 0.019 0.389 0.019 0.000 0.000 0.167 0.204 0.111 0.000 0.000 0.074 0.000 0.000 0.019 
MOe 27 0.000 0.000 0.611 0.000 0.056 0.000 0.037 0.111 0.185 0.000 0.000 0.000 0.000 0.000 0.000 
MOa 27 0.000 0.019 0.426 0.019 0.037 0.019 0.148 0.093 0.037 0.000 0.000 0.093 0.074 0.000 0.037 
Mean 243 0.017 0.006 0.372 0.023 0.054 0.006 0.189 0.105 0.101 0.015 0.002 0.078 0.021 0.002 0.010 0\ 
a Numbers indicate the length of the PCR product (hp). .i::,.. 
TABLE 2. Allele frequencies at CAA57. 
Sample alleles 
Populations sizes A-2808 B-283 C-286 D-289 E-292 F-298 G-301 H-304 1-307 J-310 K-313 L-316 M-319 N-325 0-340 
MNd 27 0.074 0.037 0.000 0.204 0.037 0.000 0.130 0.093 0.037 0.093 0.019 0.259 0.019 0.000 0.000 
MNt 27 0.130 0.130 0.000 0.222 0.019 0.019 0.056 0.019 0.000 0.093 0.000 0.204 0.019 0.019 0.000 
MNa 27 0.037 0.167 0.000 0.278 0.000 0.037 0.037 0.167 0.000 0.093 0.019 0.130 0.000 0.037 0.000 
IAj 27 0.019 0.056 0.000 0.204 0.019 0.037 0.167 0.074 0.000 0.074 0.000 0.333 0.000 0.000 0.019 
IAa 27 0.111 0.093 0.000 0.481 0.019 0.019 0.019 0.074 0.000 0.074 0.000 0.111 0.000 0.000 0.000 
IAp 27 0.037 0.037 0.000 0.333 0.000 0.019 0.148 0.093 0.000 0.074 0.000 0.259 0.000 0.000 0.000 
MOt 27 0.185 0.000 0.000 0.630 0.000 0.000 0.019 0.074 0.000 0.037 0.019 0.019 0.019 0.000 0.000 
MOe 27 0.000 0.000 0.000 0.204 0.000 0.241 0.352 0.000 0.000 0.056 0.000 0.148 0.000 0.000 0.000 
MOa 27 0.000 0.037 0.056 0.333 0.000 0.037 0.093 0.056 0.000 0.056 0.037 0.296 0.000 0.000 0.000 
Mean 243 0.066 0.062 0.006 0.321 0.010 0.045 0.113 0.072 0.004 0.072 0.010 0.195 0.006 0.002 0.006 
a Numbers indicate the length of the PCR product (bp). 
0\ 
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TABLE 3. Allele frequencies at CA G 11. 
Sample alleles 
alleles sizes A-268a B-274 C-277 D-280 E-283 F-286 G-289 H-295 
MNd 27 0.000 0.333 0.148 0.037 0.000 0.407 0.000 0.074 
MNt 27 0.000 0.333 0.093 0.019 0.000 0.481 0.037 0.037 
MNa 27 0.000 0.537 0.056 0.000 0.019 0.315 0.056 0.019 
IAj 27 0.074 0.278 0.093 0.000 0.037 0.444 0.000 0.074 
IAa 27 0.037 0.315 0.130 0.019 0.019 0.481 0.000 0.000 
IAp 27 0.000 0.481 0.111 0.000 0.000 0.315 0.074 0.019 
MOt 27 0.000 0.722 0.019 0.000 0.019 0.222 0.000 0.019 
MOe 27 0.000 0.833 0.019 0.000 0.000 0.056 0.000 0.093 
MOa 27 0.037 0.722 0.056 0.000 0.000 0.111 0.019 0.056 
Mean 243 0.016 0.506 0.081 0.008 0.010 0.315 0.021 0.043 
a Numbers indicate the length of the PCR product (bp). 
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Fig. 2. Number of unique genotypes out of27 samples for nine populations of Melampsora medusae. 
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TABLE 4. Contingency chi-square values for departure from Hardy-Weinberg equilibrium with all individuals included or only 
unique genotypes. 
With all individuals With unique genotypes only 
Populations CAT30 CAA57 CAGJJ All three loci CAT30 CAA57 CAGJJ All three loci 
MNd 13.52 19.28 3.67 36.48 13.52 19.28 3.67 36.48 
MNt 23.60 22.47 5.94 52.00 23.35 22.45 5.94 51.73 
MNa 30.91 **a 65.19** 22.60* 118.70** 12.06 26.41 16.46 54.93 
IAj 17.75 30.69* 17.20 65.63 16.46 24.11 14.03 54.60 
IAa 32.36* 24.20 15.95 72.51 * 23.18 18.23 9.53 50.93 
IAp 45.71 ** 16.43 15.76* 77.89** 26.11 12.89 6.79 45.79 
MOt 38.61 ** 31.92** 14.92 85.45** 14.67 12.12 3.28 30.07 
MOe 45.31 ** 43.90** 15.73* 104.94** 15.84 14.29 5.09 35.22 
MOa 18.59 13.93 6.62 39.14 14.33 12.35 5.03 31.71 
a * indicates significant departure from H-W equilibrium at P = 0.05; ** indicates significant departure from H-W equilibrium at P 
= 0.01. 0\ 
--.J 
TABLE 5. Observed mean heterozygosities (Ho) and Nei's unbiased gene diversity (He) 
with standard deviations in nine Melampsora medusae populations. 
Po_12ulations 
MNd 
MNt 
MNa 
IAj 
IAa 
IAp 
MOt 
MOe 
MOa 
aMean± SE. 
With all individuals 
Hoa He 
0.815 ± 0.119 0.797 ± 0.047 
0.778 ± 0.077 0.776 ± 0.064 
0.778 ± 0.119 0.748 ± 0.069 
0.778 ± 0.043 0.792 ± 0.038 
0.743 ± 0.075 0.743 ± 0.048 
0.728 ± 0.086 0.756 ± 0.047 
0.605 ± 0.163 0.594 ± 0.098 
0.506 ± 0.192 0.550 ± 0.136 
0.765 ± 0.139 0.681 ± 0.107 
With unique genotypes only 
Ho He 
0.815 ± 0.119 0.797 ± 0.047 
0.769 ± 0.080 0.779 ± 0.064 
0. 810 ± 0 .104 0. 788 ± 0. 0 5 7 
0.792 ± 0.048 0.788 ± 0.039 
0.778 ± 0.063 0.748 ± 0.051 
0.772 ± 0.088 0.773 ± 0.048 
0.619 ± 0.086 0.667 ± 0.071 
0.630 ± 0.134 0.686 ± 0.108 
0.797 ± 0.113 0.721 ± 0.096 
0\ 
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TABLE 6. F statistics for nine populations of Melampsora medusae calculated according 
to Weir and Cockerham and the private allele method. 
Weir and Cockerham's 
method Private allele method 
Locus Frs FsT FIT FsT 
CAT30 -0.015 0.013 -0.003 
CAA57 -0.049 0.043 -0.004 
CAGJJ 0.054 0.040 0.092 
Mean -0.008 0.032 0.024 0.048 
TABLE 7. AMOVA (unique genotypes only at subpopulation level) for poplar leaf rust from Minnesota, Iowa and Missouri. 
Degree Sum of Proportion of 
of squared Mean squared F- Variance variance 
Source of variation freedom deviation deviation statistics components components (%) pa 
Among populations 8 19.067 2.383 0.023 0.026 2.29 < 0.001 
Among subpopulations 18 22.666 1.259 0.009 0.010 0.86 0.104 
Within subpopulations 351 394.867 1.125 0.031 1.125 96.85 < 0.001 
a P-value is for the null hypothesis that there is no significant variation within that level based on 1023 permutations. 
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Fig. 3. UPGMA analysis of modified Rogers' genetic distance ( with only unique genotypes 
at the population level) of Melampsora medusae from Minnesota (MN), Iowa (IA) and 
Missouri (MO). 
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Fig. 4. UPGMA analysis of modified Rogers' genetic distance among 27 subpopulations 
(with only unique genotypes at subpopulation level). Each subpopulation's name is 
designated as a number (1-3). The numbers in the parentheses indicate the number of unique 
genotypes out of 9 samples for each subpopulation. 
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CHAPTER 5. GENERAL CONCLUSIONS 
In this study the objectives were to: (i) look for aecia of Melamposora medusae on 
possible alternate hosts in Ames; (ii) observe the date of onset of poplar leaf rust epidemics 
in Ames, Minnesota and Missouri; (iii) compare genetic variation of rust populations over 
three years at a small poplar stand in Ames; (iv) compare genotypic diversity of Iowa 
populations with those in Minnesota and Missouri. 
To detect if viable basidiospores were discharged from overwintering poplar leaves, 
three-month-old seedlings of Larix laricina (Du Roi) K. Koch were set out in Ames on April-
June, 2000. The seedlings exposed in April and early May were heavily infected with 
Melampsora medusae. However, no aecia were found in Ames in 1999 and 2000 on 
ornamental Douglas-fir (Pseudotsuga menziesii (Mir.) Franco) or European larch (Larix 
decidua (Du Roi) K. Koch). Thus, infection of an alternate host is possible in Ames, but it 
must be an uncommon event. 
The rust epidemic in Ames started relatively early in 1998 (16 July), it was very early in 
1999 (24 June), and it was relatively late in 2000 (8 August). The epidemic started earlier in 
Iowa and Missouri than in a stand near natural larch trees in Minnesota in both 1998 and 
1999. In 2000, a year with a relatively dry summer, the epidemic started very late (early 
August) in Ames, and by mid-August it was more advanced in northern Iowa than in Ames. 
Although it is possible that inoculum from northern regions with natural larch contributed to 
the 2000 epidemic in Ames, this seems unlikely for the 1998 and 1999 epidemics in Iowa. 
To study the population genetics of M medusae, three highly polymorphic microsatellite 
markers (CAT30, CAA57 and CAGJ 1) were developed by using a modified enrichment 
technique (Edwards et. al 1996). The three markers were used to investigate the genetic 
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variation of M medusae populations with the hopes of pinpointing the overwintering 
populations of the pathogen. 
Local rust populations were collected from a small, natural stand of P. deltoides on the 
northeastern corner of the Iowa State University campus. The initial 1999 population was 
relatively uniform, of a limited number of genotypes, and immigration of new genotypes 
apparently contributed to greater genetic diversity in the population as the season progressed. 
The aecial population in 2000 had high gene diversity. All uredinial populations possessed 
large deviations from Hardy-Weinberg equilibrium, and asexual propagales (urediniospores) 
appeared to contribute greatly to the initial populations on poplar. However, there was little 
evidence that 1998, 1999 or 2000 populations were obligately asexual. 
The degree of genetic differentiation among geographically distant populations on poplar 
in the North Central United States was also investigated using the three markers. The 
hypothesis was that the epidemics on poplar begin with aeciospores from larch in the north, 
and that the fungus spreads south on poplar as the repeating uredinial stage. However, the 
two populations near natural larch stands in Minnesota developed rust after the more 
southern location. The two populations with the highest gene diversity, the highest level of 
heterozygosity, and the greatest number of unique genotypes were in the north, within the 
natural geographic range of larch. Lower levels of gene diversity and fewer unique 
genotypes were found in the seven populations south of the natural range of larch. The 
results suggest that the northern epidemics start primarily from aeciospores, while 
urediniospores appear to be the initial inoculum in more southerly populations. Apparently, 
sexual reproduction early in the season contributes to high genetic diversity, and extensive 
gene flow homogenizes the differentiation among the populations. 
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The question about the initial inoculum for rust epidemics in Iowa can not be fully 
answered by this study. The late initiation of epidemic in the north suggests that poplars near 
native larch in Minnesota were not initial sources of inoculum for the 1998 and 1999 Iowa 
epidemics. It is still not clear if the initial inoculum in Missouri and Iowa comes in the form 
of aeciospores from nearby ornamental larch or Douglas-fir, or if urediniospores can survive 
the winter in this area or further south. Ornamental plantings of larch may provide suitable 
host material for local overwintering inoculum and early onset of the epidemic in years when 
spring or early summer conditions are suitable for infection. However, such inoculum may 
not be contributing greatly to epidemics on poplar. In the absence of ornamental and natural 
larch, it may be safe to deploy single gene resistance in Iowa, even on a large scale. 
Population studies over a broader region are needed to fully resolve the question about 
the initial inoculum for Iowa rust epidemics. The taxonomy of the complex of Melampsora 
species on poplars also needs clarification, and the three microsatellite markers may also 
prove useful for such studies. 
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